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Zusammenfassung

Ziel der vorliegenden Arbeit war es, die Herstellung von Au/MeOx und Zeolite basierten
Katalysatoren fiir die selektive Kohlenmonoxidoxidation fiir Niedertemperatur-
brennstoffzellen zu optimieren und zu bewerten, ob die hohe Aktivitit und die Selektivitit,
die bei idealen Methanol-Reformaten (CO, O, und H,) beobachtet werden, auch unter
realistischen Bedingungen (CO, O,, H,, bis 20 Vol.% CO, und 10 — 20 Vol.% H,0) erhalten
bleiben. Insgesamt wurde eine Reihe von Katalysatoren getestet. Wahrend sich der Au/Co304
Katalysator am aktivsten und empfindlichsten in der Anwesenheit von Kohlendioxid verhielt,
haben die Pt-Rh/y-Al,O3 und Pty sAl;Mn;Coq; sOx Katalysatoren das Kohlenmonoxid in der
Anwesenheit des Wasserstoffes und des Kohlendioxides effektiv oxidiert.

Ein besonderer und neuartiger Aspekt in dieser Arbeit sind die Experimente, die fiir die
Untersuchung der Kinetik der selektiven Kohlenmonoxidoxidation in beschichteten
Mikroreaktoren durchgefiihrt wurden. Mittels eines eigens konstruierten Kreislaufreaktors
wurde die Kinetik der Reaktion bestimmt. Die Ergebnisse der Verweilzeitverteilung (RTD)
fir ein CSTR, der durch einen Mikroreaktor mit riickfithrbarem Strom simuliert wird, weisen
einen guten Niherungswert zu den experimentellen Messungen auf. Durch lineare
Regressionsanalyse wurde ein kinetisches Modell entwickelt und dessen Validitdt tiberpriift.
Die Kinetik der selektiven Kohlenmonoxidoxidation und der Wasserstoffoxidation auf Pt-
Rh/y-Al,O3 Katalysator in simuliertem Reformergas in den Mikroreaktoren wurde mit einem

Potenz-Ansatz beschrieben.

Abstract

The aim of this work was to optimize the synthesis of Au/MeOy and Zeolite-based catalysts
for the preferential oxidation reaction of carbon monoxide for low temperature fuel cells and
to evaluate whether the high activity and selectivity observed in idealized methanol-
reformate (CO, O, and H,) are also maintained under more realistic conditions (CO, O,, Ha,
up to 20 Vol.% CO,, and 10 — 20 Vol.% H,0O). Among the catalysts tested, the Au/Co304
catalyst was the most active and sensitive in the presence of carbon dioxide, while Pt-Rh/y-
ALO; and Pty sAl;Mn;Cog; sOx were found to oxidize carbon monoxide effectively in the
presence of hydrogen and carbon dioxide.

Another novel aspect of this work are the experiments for the kinetic study of the preferential
oxidation reaction of carbon monoxide, which were performed applying catalyst coating in

micro reactors. A recycle reactor was constructed to study the kinetics of the reaction. The




predictions of the residence time distribution (RTD) for a CSTR simulated by a microreactor
with a recycle stream, has been shown to give an adequate approximation of the experimental
measurements. Linear regression analysis was used to develop a kinetic model and to
validate all the required parameters. The kinetics of the preferential carbon monoxide
oxidation and hydrogen oxidation on Pt-Rh/y-Al,Oj; catalyst in simulated reformer gas in the

microreactors was well described by a simple power-law expression.
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INTRODUCTION

1.1 Motivation

Air pollution and continuous global warming are serious environmental problems, which can
cause the change of climate and damage to the environment. Pollutants, such as carbon
monoxide, hydrocarbons, sulphur dioxide and certain nitrogen oxides, are of importance
because they influence the formation of smog. In the urban areas, the transportation sector is
one of the main contributors to air pollution. For example, in Athens, Los Angeles and
Mexico City almost 100% of carbon monoxide emissions come from road vehicles, whereas
nitrogen oxides emissions caused by road transport range between 75% and 85% of total
emissions [1].

Carbon dioxide is considered to be the main contributor to the greenhouse effect. It is
reported that during each of the first eight months of 1998 new record values of global
temperature were recorded [2]. Each litre of gasoline combusted in an automobile produces
7.5 kg of carbon dioxide. The transportation sector is responsible for one-third of total carbon
dioxide emissions.

Efforts to minimize the environmental damage of rapidly growing automobile industries are
focused on end-of-pipe technologies such as catalytic converters and particle traps and
recently on producing cleaner gasoline. This strategy has shown a significant decrease of the
emissions of the latest produced cars being on the road, but the strategy has its limitations. In
order to provide ultra low or zero emission vehicles, the application of fuel cell technology is
one of the most prominent solutions. Hydrogen is used as fuel to power the fuel cell. The
generation of electricity by a chemical process, combining hydrogen and oxygen to form

water, produces no emissions at all. Other advantages of using hydrogen in a fuel cell in
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comparison to the conventional internal combustion engine are higher energy efficiency,
lower noise, no formation of soot particles, which can impact the human health. The most
promising type of fuel cell for application in the automobile is the low temperature proton
exchange membrane (PEM) fuel cell. The prototypes of such passenger cars have been

successfully demonstrated by numerous automotive companies [3].
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1.2 Fuel cell

Fuel cells are electrochemical devices in which the energy of fuel and oxidant, continuously
supplied to electrodes, is directly converted into electricity, without the intervention of the
low efficiency combustion process. There are five different types of fuel cells (alkaline,
molten carbonate, phosphoric acid, proton exchange membrane and solid oxide fuel cells).
They are differentiated by the type of fuel used, operating conditions (temperatures and
pressures) and area of application. A fuel cell combines the fuel with oxygen from the air to
electrochemically produce electricity, heat and water. Fuel cell technology has a number of
advantages [4]:

. Relatively high efficiency more than 40% (stand alone) to 80% (hybrid) at this

moment.
. Substantial heat may be recovered and used for thermal and cooling applications.
. Flexible size.

The choice of any fuel and oxidant for fuel cells depends on their electrochemical activity,
cost of fuel and oxidant delivery and removal of reaction by-products. Polymer electrolyte
fuel cells (PEFCs) have received significant attention because of their characteristics,
essential for transportation applications. They are light in weight, small in size and have high
power density at a relatively low operating temperature around 80 °C [4]. PEM fuel cells
operating with hydrogen are favored by the major part of automotive industry. PEM fuel
cells use a thin, proton-conducting polymer membrane as an electrolyte. Both sides of the
membrane are coated with a layer of catalyst material.

In a PEM fuel cell, protons are formed from hydrogen at the catalyst layer, permeate the
membrane and react with oxygen at the cathode producing electrical current. A catalyst at the

cathode stimulates the formation of water from protons and oxygen (Figure 1).

THy —= 4H* 4+ & AHY + 4 + 0y —» THi0

PEM = Prolon Exchange Membeone

Figure 1: Proton exchange membrane.
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Individual fuel cells summarized into a unit and connected with each other in series, result in

a “stack” of cells (Figure 2).

Hprdraagen (Mi]

dir (Cnl and Water (Ha00

Figure 2: Stack of fuel cell.

The stack output voltage and power can be varied as desired by adjusting the number of

individual cells.

The on-board supply of hydrogen for fuel cell vehicles can generally be divided into three

groups:

. Storage of high pressure hydrogen and liquid hydrogen.

. Using of metal-hydride as hydrogen-storage medium.

. Reforming of hydrocarbons and alcohols, such as methanol, ethanol, gasoline, diesel
etc.

The lack of hydrogen refueling infrastructure, combined with the complexity of on-board

storage and handling of hydrogen, are the drawbacks of applying pure hydrogen on-board.

Furthermore, the weight and the volume of the hydrogen tank on-board exceed the size of a

gasoline or diesel tank by far, which is an issue owing to the space limitations in

automobiles. On top of that, increasing weight increases fuel consumption. The alternative to

liquid hydrogen or high pressure hydrogen storage on-board is to carry liquid fuels that have

higher energy density. However, they require conversion to a hydrogen-rich gas (reformate)

via an on-board fuel cell processor [5].

In the first stage, the hydrocarbon fuel is converted (reformed) to a hydrogen-rich gas (H, +

CO + CO,) with carbon monoxide content of about 1 —2 Vol.% in case of methanol, and up

to 15 Vol.% in case of hydrocarbons. The steam reforming (e.g. of methanol) can be

considered as a reverse reaction of methanol synthesis:




1. Introduction 5

CH,OH + H,0—3H,+CO, (AH, =48.8 kJ/ mole) (1)

Steam reforming of methanol is considered to be the most favorable process of hydrogen
production in comparison to the decomposition and partial oxidation of methanol [5]. This is
because of the ability to produce gas with high hydrogen concentration (~75 Vol.%) and high
selectivity for carbon dioxide. Steam reforming is an endothermic reaction. The energy
required for the reaction can be supplied from a catalytic burner device [5].

In order to use hydrocarbon fuels in PEM fuel cell systems, the fuel must first be converted
into a hydrogen-rich gas containing little or no carbon monoxide [6]. The most efficient fuel-
cell anodes are based on precious metals [7]. However, precious metals are sensitive to
deactivation by carbon monoxide adsorption at low temperatures [7]. Above 10 — 100 ppm
carbon monoxide poisons the PEM electro-catalyst used in fuel cells severely and
irreversibly [1 — 10].

The carbon monoxide clean-up system is regarded to be the most complicated part of the fuel
processor. The first stage of the clean-up system is the water gas shift (WGS) reaction, which
converts carbon monoxide to carbon dioxide, while increasing the hydrogen content.

CO + H,0—>CO,+H, (AH=-40.4 kJ/mole) )

In the WGS stage, the carbon monoxide content in the gas is reduced to below 1 Vol.%. The
final carbon monoxide clean-up stage, in order to reduce the carbon monoxide content below
100 ppm, involves either preferential oxidation of carbon monoxide to carbon dioxide by
addition of air, catalytic methanation or separation of hydrogen by hydrogen permeable
membranes [11]. One obvious route is to diffuse hydrogen through a Pd/Ag membrane [12].
However, this requires high-pressure differential and fairly high temperatures. Palladium is
also expensive. Carbon monoxide could be methanated, but this consumes 3 molecules of
hydrogen per molecule of carbon monoxide and results in the emissions of methane.
Additionally carbon dioxide methanation takes place in parallel over unselective catalysts. As
a result, most researchers focused on preferential oxidation of carbon monoxide, which has to

be achieved in the presence of carbon dioxide with minimum hydrogen oxidation.

1.2.1 Microreactors

In the overall design of catalytic processes, such as fuel processing, the choice of the catalyst
and its operating conditions is the critical step, which defines system costs against the cost of
product recovery and by-product treatment. Candidates for the individual reaction need to be

identified by primary screening. For secondary screening of heterogeneous catalysts, two
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types of reactor concepts exist. i) multi-tubular fixed bed reactor modules and ii)
microreactors arrays, in which catalyst coatings are screened frequently [13].

A major issue of secondary gas phase screening reactors is their operation at constant
conditions. When the reactor is constructed of materials with a low thermal conductivity,
temperature differences of about 5 °C are reported already in the absence of any catalytic
reaction. Even higher gradients are expected in the presence of the catalytic reaction,
especially when the reactions are significantly exothermic or endothermic. Most of the
reactors, apart from ceramic and quartz construction, have a maximum operating temperature
around 550 °C, while numerous catalytic applications require higher temperature.
Furthermore, these devices are often made from materials with a relatively low thermal
conductivity and thus cannot be applied to study the catalyst performance in reactions with
strong thermal effects [13].

Microstructured reactors, also called microreactors, are miniaturized reaction systems that
are, at least partially, produced using methods of microtechnology or precision engineering
[14 and 15]. Typically, microreactors contain fluid channels with a diameter between 10 and
1000 pum, (see Figure 3), which results in a relatively large surface area-to-volume ratio and
increased driving forces for heat and mass transport [14 — 19]. One of the first
microstructured devices was reported in literature in 1989 [20]. Microreactor engineering has
been recognized as a new discipline since the first workshop on Microsystems Technology
for Chemical and Biological Microreactors, held in Germany in 1995 [21]. Since then, many
research groups have entered the field. Several reviews of the field have already appeared in

books and scientific papers [19, 22 — 27].

Figure 3: Example of a microstructured plate carrying 12 microchannels.

The rate of reactions which are limited by heat or mass transfer in a conventional reactor can
be increased by performing them in a microreactor, leading to process intensification.

Furthermore, the nonuniformities of temperature, in the case of fast, highly exothermic
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reactions [23] or concentration when the reactants have to be mixed in the reactor [28], is
avoided in a microreactor. This results in improved selectivity and yields. The isothermal
conditions also make microreactors well suited for the determination of reaction kinetics
[29].
Microchannels also occupy a small volume. When they are used as measurement or analysis
devices, decreased space, material, energy consumption, in combination with fast heat and
mass transfer and shorter analysis time are some of their characteristic features [30]. These
features created large interest in microreactors for high throughput experimentation [31]. The
small inventory also makes microreactors safer for handling dangerous chemicals [32].
Hazardous reactions may be performed in the explosive regime leading to increased
selectivity and yield and substantially less consumption of diluents.
Another property of microreactors is their modular nature. Scaling-up processes by using a
large number of small units or simply by increasing the number and length of channels in a
larger device, reveals flow conditions identical to those used in the laboratory and avoids the
uncertainties involved in the design of a new process. In case of pharmaceutical products,
this might avoid a time-consuming new licensing procedure, which can significantly shorten
the time-to-market of a new product [33]. Furthermore, the modular nature of microreactors
also facilitates distributed production, where (possibly dangerous) chemicals are produced
on-site, avoiding transportation risks and costs.
The short residence time (milliseconds to seconds range) makes microreactors less suitable
for slow reactions that require a residence time of minutes or even h [34]. Furthermore,
microreactors are more sensitive to corrosion and erosion [21] and require very clean fluids
to be used in order to avoid blockage of the microchannels.
Microreactors also differ from conventional reactors in a number of ways, which are of
importance for the development of mathematical reactor models [14]. Reactor modelling is
an important aspect of chemical engineering, since it is the basis for the design and
optimisation of chemical process equipment. Since the flow in microreactors is often laminar,
the accuracy of microreactor models can be higher than of conventional reactors, which
makes the design of microreactors potentially more reliable. The main differences between
microreactors and macro-scale equipment are:
1. The flow in microstructures is in most cases laminar, whereas the flow in macro-scale
equipment is usually turbulent.
2. Heat and mass transfer across boundaries is very fast in microreactors, while it is often a

limiting factor in conventional reactors [34].
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3. The volume fraction of solid wall material is much higher in microreactors than in
macroscopic equipment, which makes solid heat conduction an important factor in the
first, while it can usually be neglected in conventional reactors [35].

4. The large surface area-to-volume ratio of the microstructures results in an increased

importance of surface effects over volumetric effects [36].

1.2.2 CO oxidation in H,-rich gas streams

The polymer electrolyte membrane fuel cell, as mentioned above, operating with hydrogen,
seems to be the most promising fuel-cell technology for transport applications [37 and 38]. It
operates at relatively low temperatures (80 — 120 °C).

The removal of low concentrations of carbon monoxide from the pre-cleaned reformate of
hydrocarbon and ethanol reformers is commonly performed by oxidation with air. Owing to
the lower carbon monoxide concentration achieved by the low temperatures of methanol
reforming, in this case the reformate goes directly to the preferential carbon monoxide
oxidation (PrOx) [24]:

CO + %oz —>CO, (AH,y, =-283 kl/mole) 3)

The reaction is accompanied by the undesired side reaction of part of the hydrogen present in

the reaction mixture:
1
H, + 502 —H,0 (AH,i =—-242 kJ/mole) (4)

Another problem that occurs in preferential oxidation reactors at low load levels is the
reproduction of carbon monoxide at the catalyst by the reverse water gas shift reaction:

H, +CO, >H,0+CO (AH,,, =+41 kl/mole) (5)

Generally, the corresponding catalysts tend to have a narrow operation window and heat
removal and temperature management of the reaction are crucial [24].

The oxidation of carbon monoxide is an important reaction in emission control, particularly
in the cleanup of vehicle emissions [39]. Supported noble metal catalysts are typically used
to promote the reaction. The precious metals used are efficient, but full conversion is only
achieved at temperatures around 150 °C [40 and 41]. This is true for most conventional
catalysts, which are not active at low temperatures and low O/CO ratios because oxygen and
carbon monoxide competes for the same sites. Under these conditions, carbon monoxide
adsorption dominates the metal surface and prevents oxygen adsorption and surface reaction.

On the other hand, oxygen is adsorbed too strongly to be displaced by carbon monoxide over
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base-metal oxide catalysts at low temperatures. Thus, an efficient low-temperature carbon
monoxide oxidation catalyst should accommodate both carbon monoxide chemisorption and
the simultaneous dissociative adsorption of oxygen. This suggests the use of composite
materials with different components, each having activity for one or the other of these
functions [41]. Noble metal reducible oxide combinations, base metal oxides and perovskite-
type catalysts have been tested for their carbon monoxide oxidation performance at low
temperatures [42 — 44].

If the low-temperature oxidation involves reaction between carbon monoxide adsorbed on
one component and oxygen species adsorbed on or originating from a second component,
then the interface between the components will be critical. As a result, preparation techniques
are crucial for the performance of active catalysts.

For preferential oxidation, three possibilities can be considered. 1) It may be possible to find a
catalyst that adsorbs carbon monoxide but not hydrogen, and hence favors selective oxidation
of carbon monoxide. ii) To operate at a temperature where carbon monoxide is oxidized and
hydrogen is not. iii) To find a catalyst where both carbon monoxide and hydrogen are
oxidized, but kinetic parameters lead to preferential carbon monoxide oxidation and only
minor losses of hydrogen.

In all cases, it is critical to carefully control the O/CO ratio in the preferential oxidation of
carbon monoxide as it is an important parameter governing the power generation efficiency
of the PEFC system. Moreover, when large amounts of air are added into the reactor,
temperature control becomes difficult owing to the heat of reactions. It may be required to
use more than one reactor (multi-stage), or integrate a temperature control unit (heat
exchanger design). In multi-stage reactors, the addition of air can be reduced by optimizing
air feed at each stage. Temperature control at each stage becomes easier, because there is less
heat formed at each stage. However, complex hardware is required to control temperatures
and oxidant injection along the multi-stage reactors. Hence, the single-stage carbon
monoxide removal process is preferable for smaller-scale systems [45].

For most catalysts, carbon monoxide conversion increases with increasing oxygen addition
(the stoichiometric ratio being 0.5) within a certain temperature range. This in turn also
increases hydrogen losses by unselective oxidation [22].

There are various reports, which specifically report the conversion of carbon monoxide to
ppm concentrations levels [22, 46 — 53] and several studies on preferential oxidation of

carbon monoxide in compact or microstructured reactors [15, 22, 23, 24, 34, 46, 54 — 56].
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1.3 Noble metal catalysts for preferential oxidation of CO

Possible noble metal catalysts for preferential carbon monoxide oxidation in hydrogen-rich
gases are alumina supported platinum, ruthenium, rhodium and palladium catalysts,
operating in the range between 120 °C and 160 °C. The catalyst support has the function to
enlarge the surface area of the active component and also to provide a catalyst stable under
reaction conditions against sintering of the metal particles.

Platinum catalysts have been studied most extensively for preferential oxidation of carbon
monoxide. In a hydrogen-rich mixture, containing ~1 Vol.% CO, the carbon monoxide was
completely oxidized over alumina-supported platinum catalyst by a four fold stoichiometric
excess of oxygen, corresponding to a process selectivity of ~25% [50]. The temperature
dependence of the carbon monoxide consumption rate and the carbon monoxide oxidation
selectivity in hydrogen-rich gases were investigated for Al,O3; supported platinum catalysts
[42, 50, 57 — 59] and zeolite supported platinum [9, 60 and 61].

Other noble metal catalysts, such as Ru/Al,0; and CuO-CeO,, have been also investigated
[62 — 64]. The catalytic activities of a wide variety of materials (880 catalysts) have been
evaluated by high throughput technologies with the help of emissivity corrected infrared
thermography [65 and 66]. After development of several generations of catalysts the mixed
oxide Al;Mn;Coy, was discovered as catalyst for highly selective carbon monoxide oxidation
in hydrogen (100 % selectivity at temperatures between 60 °C and 100 °C and feed gas
1.2 Vol.% CO, 1 Vol.% O, in Hy) [67]. Despite its high activity and selectivity the mixed
oxide catalyst deactivated rapidly in the presence of moisture. Doping studies led to a
moisture stable variation, the Pty sAl;Mn;Cog; s mixed oxide, which was not as selective as
the platinum-free material, but stable against high loading of carbon dioxide and water in the

feed gas.

1.3.1 Gold based catalysts

Coprecipitated catalysts containing small (~10 nm) gold particles and NiO, a-Fe,O; and
Co304 have been tested [68]. These catalysts were highly active for both carbon monoxide
and hydrogen oxidation, possibly due to the combined effect of gold and oxides. The
oxidation of carbon monoxide on Au/NiO and Au/Co3;04 was found to be complete at 30 °C,
even in the presence of 76% relative humidity. In contrast, 50 Vol.% of the hydrogen was
oxidized only at 73 °C and 66 °C, respectively.

The general trend observed was that catalytic activity increased with decreasing gold




1. Introduction 11

crystallite size in the oxidation of both hydrogen and carbon monoxide. It is interesting that
the catalytic activity of coprecipitated Au/y-Al,O; was comparable to those of Au/NiO,
Au/o-Fe;O; and Au/Co3;04, with similar gold particle sizes, for hydrogen oxidation.
However, it was remarkably lower for carbon monoxide oxidation. The activity for hydrogen
oxidation depended strongly on the gold particle size exposed, while the choice of support
oxide also played a role in carbon monoxide oxidation through either a metal-support
interaction or via a bifunctional mechanism. In this mechanism, gold and the support oxide
activate different steps of the carbon monoxide oxidation. Hydrogen is assumed not to
chemisorb on gold, whereas carbon monoxide chemisorbs weakly on the metal. Thus, the
catalytic activity for carbon monoxide oxidation may be a result of the interaction of species
adsorbed on the metal and the support. Alternatively, the interaction of gold with the
reducible oxide support may change the surface properties of gold particles so that they favor
carbon monoxide adsorption. It was reported that at pretreatment temperatures > 300 °C, the
decomposition of oxidic gold species to metallic gold and formation of crystalline hematite
(a-Fe,O3) occur to yield hemispherical gold particles of about 4 nm diameter stabilized by
epitaxial contact over a-Fe,O3 [68 — 70].

Various transition metal oxide supports were screened and coprecipitated. Au/MnOy was
chosen as one of the best catalysts for carbon monoxide removal from hydrogen-rich gases.
Because gold catalysts require an oxidative pretreatment, the stability of Au/MnOy in a
hydrogen-atmosphere was tested. Carbon monoxide oxidation reached 100% conversion at
temperatures below 0 °C, whereas hydrogen oxidation occurred only at temperatures above
0 °C [68]. This temperature difference was found to be closely related to the gold content and
the Au/Mn atomic ratio in the catalyst. Larger temperature differences obtained at Au/Mn
ratios above 1/20. In a feed containing 1 Vol.% CO and 1 Vol.% O, in H,, an Au/MnOx
catalyst with Au/Mn = 1/50 selectively oxidized carbon monoxide to give 50% conversion at
16 °C [7]. Conversion above 95% was obtained between 50 °C and 80 °C. Catalyst activity
was stable for 2 days and even improved with time-on-stream. At 120 °C, carbon monoxide
conversion started to decline, implying that oxygen was competitively consumed by
hydrogen oxidation [7].

The preferential oxidation of carbon monoxide in hydrogen-rich gas streams was investigated
over a number of Au/y-Al,Os catalysts prepared by the deposition-precipitation method [71].
The major finding of this study was, that the oxidation of carbon monoxide at low
concentration in a hydrogen-rich gas mixture (H,/CO/O,/He = 48/1/0.5/50.5) can be achieved
with 50% selectivity at 100 °C over Au/y-Al,O;. Both activity and selectivity depended on
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the gold crystallite size, with an optimum particle size below 5 nm, which was in good
agreement with results reported for low-temperature carbon monoxide oxidation on gold
catalysts in the absence or presence of hydrogen [68, 71 — 74]. The increase in activity with
decreasing gold particle size was explained by increasing oxygen activation at the Au-Al,Os3
interface as proposed [68] and by the differences in the rates and strengths of adsorption of
hydrogen and carbon monoxide on gold particles [7].

The preferential oxidation of carbon monoxide in a fixed bed reactor was investigated over
Au/a-Fe,;0s, using simulated reformate (75 Vol.% Hj, 1.5% Vol. CO and N, in balance) at
atmospheric pressure with various O/CO ratios [75]. The a-Fe,Os was selected because of
the low T/, value (the temperature at which 50% conversion occurs) of Au/a-Fe,O; for low
temperature carbon monoxide oxidation [69]. A strong initial deactivation of 30% was
observed in the first 2 h time-on-stream, which slowed down during the next 8 h and finally
reached a steady state. Another group reported similar deactivation behavior for Au/TiO,
catalysts [69].

When compared with the commonly used Pt/y-Al,Os catalyst, which has an optimum
temperature window of 180 — 200 °C [50], over the Au/Fe,O; catalyst comparable activity
was achieved at much lower temperature of 80 °C. However, the question remains, how
much carbon dioxide existing in reformate can be tolerated by the catalyst. Other open
questions are the effect of different gold-precursors on catalyst performance and generally

the performance of gold based catalysts inside a microreactor.

1.3.2 Zeolite based catalysts

Zeolites, synonymously called molecular sieves, are crystalline microporous alumina-
silicates containing cavities and channels of molecular dimensions, 3 — 10 A. Few fields of
chemistry offer such chemical and structural diversity, although only about 60 different
structures or topologies are known, tens of thousands of theoretical structures are possible.
Many of the known structures have high thermal and chemical stability, making them useful
materials in a wide range of important industrial processes, such as catalysis, separations,
purifications and ion exchange [76].

The following six properties make them attractive as heterogeneous catalysts:

. Well-defined crystalline structure.

. High internal surface area.

. Uniform pores with one or more discrete sizes.

. Good thermal stability.
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. Ability to sorb and concentrate gases.

. Highly acidic sites when ion exchanged with protons.

The primary building unit of the zeolite structure is a tetrahedron of four oxygen atoms
surrounding a central silicon atom (SiO4)™. These are connected through their corners of
shared oxygen atoms to form a wide range of small secondary building units. These are
interconnected to form a wide range of polyhedrons, which in turn connect to form the
infinitely extended frameworks of the various specific zeolite crystal structures. Individual
structures may comprise only the basic unit or many of them. The record is held by the
mineral paulingite which contains five such polyhedrons [77].

Zeolites can be categorized into two groups, namely natural zeolites and synthetic zeolites.
The first ones occur in nature in vugs and vesicles of basaltic lava (in such areas as Hawaii,
Iceland and Nova Scotia) in specific kinds of rocks subjected to moderate geologic
temperature and pressure (the metamorphic zeolite facies) and in altered and reacted volcanic
ash deposits. Only the last are of economic importance, in the sense of ready availability in
large tonnages at moderate cost in many areas of the world [77].

Synthetic zeolites are high-purity specialty chemicals that serve a wide range of applications.
Most synthetic zeolites are thermodynamically meta-stable products formed kinetically under
special synthesis conditions. Therefore, they are prepared not only under closely controlled
conditions of temperature, pressure and time but with specific reactants and physical reaction
environments. These restrictions on their production make their reproducibility an issue [77].

Typically, many zeolite syntheses yield two or more crystalline phases with unreacted gel
components. Much development work is, therefore, aimed at the process and compositional
control needed to produce a reaction window, where a single-phase fully-crystallized product
may be isolated [77].

Framework composition control can be achieved either by manipulation of the original
synthesis variables or by one of a series of “secondary synthesis” methods, which in effect
are specific chemical reactions involving the framework atoms. Some zeolite framework
Si/Al compositions can be varied within a restricted range by changing the compositions of
the original reactions gels (some can be made only at a very specific composition). The Si/Al
ratio can be manipulated by changing the input stoichiometries.

Figure 4, 5 and 6 show the frameworks of zeolite-Y, ZSM-5 and mordenite.
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Figure 4: Framework structure of zeolite-Y [78].

Zeolite-Y has a 3-dimensional pore structure with pores running perpendicular to each other
in the X, y, and z planes and is made of secondary building units. The pore diameter is large
at 7.4 A since the aperture is defined by a 12 member oxygen ring, and leads into a larger
cavity of diameter 12 A. The cavity is surrounded by ten sodalite cages (truncated octahedra)
connected on their hexagonal faces. The unit cell is cubic (a = 24.7 A). Zeolite-Y has a void
volume fraction of 0.48, at a Si/Al ratio of 2.43. It thermally decomposes at 793 °C [79].

The most important application of zeolite-Y is as cracking catalyst. It is used in acidic form
in petroleum refinery catalytic cracking units to increase the yield of gasoline and diesel fuel
from crude oil feedstock by cracking heavy paraffins into gasoline grade naphthas. Zeolite-Y
has superseded zeolite X in this use because it is more active and more stable at high
temperatures due to the higher Si/Al ratio. It is also used in the hydro-cracking units as a
platinum/palladium support to increase the aromatic content of reformulated refinery
products.

Zeolite-Y is synthesized in a gelling process. Sources of alumina (sodium aluminate) and
silica (sodium silicate) are mixed in alkaline (sodium hydroxide) aqueous solution to give a
gel. The gel is then usually heated to 70 — 300 °C to crystallize the zeolite. The zeolite is
present in Na™ form and must be converted to the acid form. To prevent disintegration of the
structure by acid attack, sodium is first ion-exchanged with the NH,". Then the acidic form is
generated by thermal decomposition of NH; to H™ and NHj. If a hydrogenation metal such

as platinum is required, it may be deposited via impregnation or ion exchange [80].
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Figure 5: Framework structure of ZSM-5 [78].

Another wide-used zeolite catalyst, developed by Mobil Oil, is ZSM-5. This zeolite is an
alumina-silicate zeolite with a high Si and low Al content (the ratio Si to Al is denoted with a
number attached to the name, e.g.: ZSM-5/100). ZSM-5 is a highly porous material and
throughout its structure it has an intersecting two-dimensional pore structure. ZSM-5 has two
types of pores, both formed by 10-membered oxygen rings. The first type of pores is straight
and elliptical in cross section. The second type of pores intersects the straight pores at right
angles, in a zig-zag pattern. The latter pores are circular in cross section [76]. The Al-sites
are very acidic. The substitution of A" in place of the tetrahedral Si*" requires the presence
of an additional positive charge. When this is H', the acidity of the zeolite is very high, even
though the density of acid sites is rather low owing to the high Si/Al ratio. The reaction and
catalysis chemistry of the ZSM-5 is due to this acidity. The ZSM-5 zeolite catalyst is used in
the petroleum industry for hydrocarbon interconversion [80].

Mordenite was the third zeolite selected as a catalyst for the preferential oxidation of carbon
monoxide. Mordenite is one of the rarer to find members of the zeolite group of minerals. Its
pore diameter is near 7.5 A. It has an orthorhombic crystal structure with straight 12-
membered ring channels (6.5 x 7.0 A) and crossed 8-membered ring channels (2.8 x 5.7 A).
Mordenite has a void volume of 2827.26 A’ (calculated from unit cell), with a Si/Al ratio in
the range of 10 — 200 [78 and 81].

Higher silica-alumina ratio (20 to 60) mordenites are used for the fractionation of the
aromatic components of petroleum. Separation of alkylbenzenes, alkyltoluenes and some

alkylxylenes from petroleum, are some of these uses [80].
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Figure 6: Framework structure of mordenite [78].

Because these are usually major components of petroleum, their removal facilitates the study
of less abundant components. Also the purification of the diaromatic and triaromatic
fractions of petroleum by mordenites has led to some novel separations of alkylnaphthalene
and alkylphenanthrene isomers and has enabled some of these compounds to be studied for

the first time [80].
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1.4 Methods of catalysts characterization

1.4.1 Brunauer—Emmett—Teller analysis

The Brunauer—-Emmett-Teller (BET) analysis is a well-known rule for the physical
adsorption of gas molecules on a solid surface. BET method is used to determine the surface
area of the catalysts by nitrogen adsorption/desorption at -196 °C. In this method, the
adsorption isotherm of a sample of known weight is measured (e.g. the amount of adsorbed
gas as a function of pressure at constant temperature). In practice, it offers advantages to plot
the relative gas pressure (e.g. the pressure as a function of the saturation pressure, Py) at the
temperature of measurement. The Brunauer-Emmett-Teller equation gives surface-area
values obtained from these curves.

On the basis of some simplified assumptions BET derives a formula from which the amount
of gas (Vi) required for covering the surface with a monomolecular layer can be calculated.
If the surface area (A,) occupied by one adsorbed gas molecule is known, the total available
surface area of the sample can be calculated and thus its specific surface area [82].

All the measurements were made at Institut fiir Mikrotechnik in Mainz by using a

Sorptomatic 1990 (Carlo Erba Instruments).

1.4.2 Scanning electron microscopy

The particle morphology of the catalysts is observed by scanning electron microscopy (SEM)
using a JEOL JSM -5410 LV scanning microscope operated at 15 kV, at the Institut fiir
Mikrotechnik in Mainz.

Specifically, this analysis involves the evaluation of surface structure and morphology.
Origin, distribution, morphology and chemical composition of clays and cements are some of
the data which can be obtained. Analysis includes sample preparation, high-quality digital
images at various magnifications and positions and image descriptions. A SEM may be
equipped with an Energy Dispersive X-ray analysis (EDX) system to enable and to perform
compositional analysis on specimen, as well as estimating the relative concentrations for
selected components at the surface of the specimen [83].

During SEM inspection, a beam of electrons is focused on a spot volume of the specimen,
resulting in the transfer of energy to the spot. These bombarding electrons, also referred to as
primary electrons, dislodge electrons from the specimen itself. The dislodged electrons, also

known as secondary electrons, are attracted and collected by a positively biased grid or
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detector, and then translated into a signal.
To produce the SEM-image, the electron beam is swept across the inspected area, producing
many such signals. These signals are then amplified, analyzed and translated into images of

the topography. Finally, these images are shown on a cathode ray tube.

1.4.3 Temperature programmed reduction

Temperature programmed reduction (TPR) technique permits to find the most efficient
reduction conditions. Furthermore, the supported precursor phases and their interactions with
the support can be identified. These experiments are particularly useful in case of multi-
metallic systems for the evaluation of the role of the added compounds or doping agents
(alloy formations or promotion effects).

In the TPR technique an oxidized catalyst precursor is submitted to a programmed
temperature rise, while a reducing gas mixture is flowing over it. The gas mixture consists
usually of hydrogen diluted in some inert gas such as argon.

The reduction rates are continuously measured by monitoring the change in composition of
the gas mixture downstream the reactor. The decrease in hydrogen concentration in the
effluent gas with respect to the initial percentage monitors the reaction progress. An
interesting application of this technique is that the TPR analysis may be used to obtain
evidence for the interaction between the atoms of two metallic components in the case of
bimetallic system or alloy, as already mentioned. The TPR method is also used for qualitative
and quantitative analysis of a catalyst. In effect, the spectra produced are characteristic of a

specific solid [84].

1.4.4 X-Ray diffraction

Powder X-ray diffraction (XRD) patterns are used to obtain information about the structure
and composition of crystalline materials. The XRD device at the University of Zaragoza was
a Rygaku/Max system with a CuKa anode and a fast photon detector.

XRD refers to the principal phase as identified by comparison of its X-ray diffraction pattern
with those in literature.

When X-rays are fired at a crystalline sample placed in the X-ray camera, the sample is
irradiated with monochromatic X-ray light. Proportions are diffracted by the regular crystal
structure and the stray radiation is recorded. These diffracted X-rays produce a pattern of

lighter and darker lines on a film (reflexes).
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This involves the occurrence of interferences of the waves scattered at the successive planes,
which are described by Bragg’s equation:

n-A=2-d-sin(0) (6)
where A is the wavelength, n = 1, 2, 3,..., d is the lattice plane distance and @ is half the
diffraction angle. This relation is used for the structure analysis of crystals.

The pattern on the film depends on the composition of the sample and by reference to
standard data, this pattern can be used as a kind of “fingerprint” to identify a wide variety of
materials.

For comparison with diffraction patterns from the database, it is important to note that
routine measurements are often performed with a slit that will expose more than the sample
area at low angle. The observed intensities at low angle would therefore be too small
compared with these reference patterns and calculated patterns.

In a zeolite laboratory, powder diffraction data are most commonly used to identify a newly
synthesized material or to monitor the effects of a post-synthesis treatment. In both cases, the
measured pattern is compared with an existing one, whether it is a pattern in the Collection of
Simulated XRD Powder Patterns for Zeolites, or an in-house data file. Such comparisons are
not trivial for zeolites, especially if the data collection or sample preparation conditions differ
from one another [83].

The patterns are then scaled to the same absolute intensity. The diffraction patterns are
presented in the as measured condition without any background subtraction or smoothing.
Some samples contained elements that produce additional fluorescence such as Fe and Co.

No filter or secondary monochromator has been used to remove this radiation.

1.4.5 Transmission electron microscopy

A light microscope is limited by the wavelength of light. Visible light has wavelengths of
400-700 nm, larger than many objects of interest. Instead, transmission electron microscopy
(TEM) uses electrons as a “light source” and their much lower wavelength make it possible
to get an improved resolution by a factor of 1000 compared to a light microscope. The
wavelength is dependent on their energy and so can be tuned by adjustment of accelerating
fields and can be much smaller than that of light. TEM is an imaging technique whereby a
beam of electrons is transmitted through a specimen, then an image is formed, magnified and
directed to appear either on a fluorescent screen or layer of photographic film.

With TEM-photos objects to the order of a few angstroms (10"° m) can be seen. For

example, study of small details in the cell or different materials down to near atomic levels is
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possible. The possibility for high magnifications has made the TEM a valuable tool in many
fields, catalysis-research include. It can provide information on the shape and the surface
atomic structure of the metal nanoparticles on supported catalysts, internal structural defects
and others.

TEM-images were attained at the University of Zaragoza using a JEOL 2000 FX2 operating
at 200 kV [85].

1.4.6 Gas chromatography

Chromatography is a separation method that exploits the differences in partitioning behavior
between a mobile phase and a stationary phase to separate the components of a mixture.
Components of a mixture may be interacting with the stationary phase based on charge,
relative solubility or adsorption.

Gas chromatography involves a sample (gas or vaporized liquid) injected onto the head of the
chromatographic column. The sample is transported through the column by the flow of inert,
gaseous mobile phase. Commonly used gases include nitrogen, helium, argon and carbon
dioxide. The choice of carrier gas is often dependant upon the type of detector which is used
and the components that are going to be identified. The column itself contains a liquid
stationary phase which is adsorbed onto the surface of an inert solid.

For optimum column efficiency, the sample should not be too large and should be introduced
onto the column as a “plug” of vapor. Slow injection of large samples causes signal
broadening and loss of resolution. The most common injection method is where a micro-
syringe is used to inject the sample through a rubber septum into a flash vaporizer port at the
head of the column. The temperature of the sample port is usually about 50 °C higher than
the boiling point of the least volatile component of the sample. Capillary columns, as applied

in this work, require much less sample, typically around 10~ pL [86].
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1.5 Reactor characterization

As a first step to study the reaction kinetics, the determination of a reactor type, which will
be implemented for such experiments, is necessary. Mainly, as a general mode of
classification, reactors can be defined as integral or differential [87]. For kinetic
measurements, the integral reactor (plug flow reactor) is problematic, as it exhibits a
concentration gradient and the solution of its material balance demands integration. On the
other hand, the conversion of a differential reactor (continuous stirred tank reactor)
represents directly the reaction rate and permits the derivation of simple algebraic reactor
model equations.

Nevertheless, the mixing in a continuous stirred tank reactor is often not ideal. The residence
time distribution (RTD), also named exit age distribution, E(t), indicates the time the fluid
elements of a stream remain in the reactor. E(t) characterizes the non-ideal mixing in a
reactor.

The residence time of individual molecules in the reactor, or more precisely, the distribution
of residence times of the fluid can be determined directly by a widely used method of
inquiry, the stimulus-response experiment [87 and 88].

Comparison of the measured RTD with that of an ideal reactor allows the identification of
non-idealities of the reactor. An appropriate real model of the reactor in combination with
kinetics of the reaction is then applied to model the overall reactor performance.

In Table 1, different models and their pulse responses are shown.
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Table 1: Pulse response for various reactor-models [89].

Description

Model

Pulse response

1. Plug flow tank

2. Ideal mixer

3. Two ideal mixers

connected in series

0~
-

4. Ideal mixer with bypass

duct

A 4
>
v

\
AN
N

5. Plug flow tank with

circulation

\ 4

v

]T‘M

6. Plug flow tank and ideal

mixer connected in series

7. Plug flow tank and ideal

mixer connected in parallel
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1.6 Kinetic study

The study of reaction kinetics implies measurement of reaction rates under different
conditions. In this work, the selected method for the kinetic study is based on the Irving
Langmuir approach which is widely accepted for representing catalytic reactions involving
the gas-solid phase [90 and 91].

For an appropriate description of the preferential oxidation of carbon monoxide over a
precious metal surface (e.g. platinum) the Langmuir-Hinshelwood mechanism is applied [91
and 92]. The power-law form was found to be the most suitable reaction rate expression [50
and 59].

To approach the behaviour of the ideal continuous stirred tank reactor (CSTR) a recycle
reactor is constructed. In such a reactor, reactants are continuously re-circulated by means of
a pump, a small feed stream is continuously added and a small net-product stream
continuously removed. High recycle rates (above 25) lead to perfect mixing similar to that
obtained in a CSTR. All the kinetic experiments are then carried out at circulation rates
higher than this value [93 and 94].

The reaction rate is measured under various experimental conditions (different feed
concentrations of the reactants and temperatures of the reactor) and the effect of these
variables is determined.

The study of kinetics requires the determination of reaction rates by estimating parameters
using regression analysis and the comparison of the results obtained with those found from
the material balance equation of a CSTR.

Estimating a set of parameters simultaneously from experimental data is always affected by
numerical, model and experimental errors. Hence, the reliability and precision of the

estimates and of the model has to be investigated by means of statistic methods.
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1.7 Focus of the research

Polymer electrolyte membrane (PEM) fuel cells, utilizing platinum-catalyzed anodes, are
susceptible to carbon monoxide contained in the hydrogen rich reformate product of the fuel
processor. The growing interest in low temperature fuel cells has led to the need for research
on preferential oxidation reaction catalysts that are capable of minimizing carbon monoxide
concentration. Nevertheless, most studies on the preferential carbon monoxide oxidation
have been conducted in model atmospheres (“idealized reformate”), consisting only of
carbon monoxide, oxygen, hydrogen and an inert component (nitrogen or helium). Realistic
methanol steam reformate, however, contains up to 20 Vol.% CO, and 10 — 20 Vol.% H,O.
Aim of this work is to study the influence of these possible species on the preferential
oxidation reaction over noble metal catalysts, in order to evaluate whether the high activity
and selectivity observed in idealized reformate are also maintained under more realistic
conditions.

Another novel aspect of this work is the fact that all the experiments for the kinetic study of
the preferential oxidation reaction of carbon monoxide were performed applying catalyst
coating in micro reactors. Micro reactors are miniaturized chemical reactions systems, which
contain reaction channels with a typical diameter of 10 to 1000 um. The small channel
dimensions lead to a relatively large surface area-to-volume ratio and increased driving
forces for heat and mass transport. Therefore, microreactors are especially suited for fast
reactions with a large heat effect (exothermic or endothermic), where they allow for nearly
isothermal conditions when a micro heat-exchanger is installed.

The influence of various operating parameters, such as pressure, temperature, feed
composition and space velocity on the degree of CO-conversion was established by the
experiments performed in a single test reactor and in a five fold screening reactor as well.

In chapter 2 characterization of the catalysts synthesized and their performance are
presented. A recycle reactor was constructed to study the kinetics of the reaction. Linear
regression analysis was used to develop a kinetic model and to validate all the required
parameters.

The chapter 3 covers the catalyst synthesis protocol information. The chapter contains also
catalyst characterization information and a detailed description of the experimental setups
used. Additionally, mathematical relations used to determine residence time distribution and
kinetics are described in this chapter.

Chapter 4 reports conclusions and recommendations for future research.
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RESULTS AND DISCUSSION

2.1 Selection of catalysts

The scope of this work was first to develop and test new catalysts as washcoats in
microchannels for the low-temperature preferential oxidation of carbon monoxide in a
hydrogen-rich reformate stream.

The selection of both noble metal and supports was based on the active catalysts reported in
literature for this reaction system. In most works, the effect of carbon dioxide on the activity
of the catalyst has not been investigated in detail. However, in realistic reformate mixtures
substantial amounts of carbon dioxide is contained, which was taken into account in the
present work.

In Table 2 and in Table 3 a summary of the different zeolites and gold-catalysts prepared is
presented respectively. As reference for the zeolite-catalysts, three ZSM-5/100 were used

with platinum-contents of 0.5, 2.5 and 4.2 wt.%, prepared at the University of Zaragoza.

Table 2: Zeolite-catalysts tested.

Zeolite Platinum (wt. %)  Calcination (°C) Activity
Zeolite-Y 5 400 moderate
Zeolite-Y 5 300 low
ZSM-5/35 5 300 not active
ZSM-5/35 5 400 moderate
Mordenite 4 400 not active

Mordenite-Iron 3.5 400 moderate
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Table 3: Gold-catalysts tested.

Meta oxide initial pH Calcination (°C)  Activity

Co0304 7 600 not active
Co0304 7 500 Very low
C0304 7 300 low
Co0304 2 300 not active
C0504 11 300 not active
Fe, 05 7 300 moderate
TiO, 8 300 low
TiO, 8 500 not active
CeO, 7 300 low
CeO, 7 300 not active
CeO, 7 500 not active
NiO 7 300 Very low
Al,O5 7 300 not active
AlLOs impregnation 300 low

Not only the choice of the support or the noble metal was important, but also preparation
conditions influenced the overall activity of the catalysts. Therefore, several conditions were
studied, such as the calcination temperature and pH at which the metal and gold were
coprecipitated.

Additionally, two conventional catalysts were also examined for the preferential oxidation of
carbon monoxide, namely Pty sAl;Mn;Cog; 5Oy synthesized by the group of Prof. W. F. Maier
[66] and Pt-Rh/y-Al,O; developed at the IMM [46].
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2.2 Catalysts characterization

To characterize the catalysts synthesized in this work, different analysis methods were
employed. More specifically, qualitative and quantitative analysis of a catalyst composition
was performed by TPR, while XRD gave information about the structure and composition of
the catalysts. Information about the surface structure and area was obtained by TEM-photos
and BET-analysis respectively. Using SEM-photos the morphology of the washcoat was

evaluated.

2.2.1 Gold and zeolite XRD-spectra
A. Au/Co304-catalyst

XRD-pattern shown in Figure 7 consists of eight reflections. Four typical peaks indicate the
existence of Co304, with cubic structure [95], and four peaks testify the presence of gold.
XRD-pattern of Au/Co3;04 coprecipitated catalyst shows no strong peaks for gold. However,
it has additional short and broad peaks at 20 = 38.2°, 44.4°, 64.7° and 77.6° [96].
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Figure 7: XRD-patterns of Au/Co30y catalyst.

The peak at 38.2° corresponds theoretically to Au(111). A reactive gold particle must

necessarily be small, since that is the only way of assuring a large enough concentration of
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those active sites [97 and 98]. The XRD reflections for gold in this pattern are short and
relatively wide and thus only very small gold particles are present in this catalyst. To
estimate the average size, L, of the nanoparticles in the studied sample Sherrer’s equation
was employed.
L= _ kA (7)
B-cos(0)
where k£ = 0.9, 4 is the wavelength of the radiation used, B is the full width at half maximum
of the peak in radians and @ is the Bragg angle. The average size of the nanoparticles was
determined to be 2.4 nm. This estimate is in agreement with TEM investigations showing
nanoparticles with sizes in the same range (section 2.2.4).
It is remarkable that the structure of cobalt for the fresh samples corresponds only to Co30s.
The same structure was found for a spent sample. No CoO phase was detected. Hence,
although during carbon monoxide preferential oxidation carbon dioxide is formed over the
cobalt-sample, no noticeable reduction of cobalt was noticed. It is suggested, that only the
near surface oxygen atoms, known as highly mobile species, have an active role in the carbon
monoxide oxidation and the temperature and reaction conditions used were not sufficiently
high to convert Co3;04 [96].
Therefore, carbon monoxide is most likely oxidized over Au/Co3;04 by highly mobile oxygen
species. However, cobalt oxide alone is not able to oxidize carbon monoxide to a significant
extent. Hence, gold and cobalt oxide are both needed for high activity. Carbon monoxide was

probably activated on gold [96].

B. Platinum/Zeolite-catalyst

XRD-patterns obtained for zeolites present peculiar characteristics and thus, few practical
considerations are briefly presented. The low angle lines in Figure 8 and Figure 9 are the
ones most strongly affected by non-framework species. In general, these lines are more
intense in the calcined material than in the as-synthesized-form. Similar materials containing
different cations have quite different relative intensities at low angles. However, the
intensities of the higher angle reflections are generally dominated by the positions of the
framework atoms, so these can be compared quite well.

Different synthesis conditions or different post-synthesis treatments can cause subtle
distortions in a zeolite framework structure that can complicate identification. The symmetry
may be reduced (and thereby produce a high number of additinal peaks in the pattern),

although the basic framework topology (connectivity) remains unchanged. In such a case,
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indexing the pattern to obtain the dimensions of the unit cell can facilitate the identification
[83].

XRD can be used to identify the bulk phases of catalyst samples. The big differences in the
preparation procedure during ion-exchange might have affected the structure of the zeolite as
well as the nature and the distribution of the platinum deposited on the catalysts. The ZSM-
5/35 zeolite was ion-exchanged with an aqueous [Pt(NH3)4](NO3); solution by two different
routes (methods). By the first method (Method 1) the microreactor was impregnated with the
platinum-solution for 24 h at room temperature. By the second method (Method 2) the
duration of the impregnation was reduced to 4 h but at an elevated temperature of 80 °C.

The XRD-patterns of the platinum ZSM-5/35 and platinum-mordenite catalysts are shown in
Figure 8 and Figure 9 respectively. The full width at half maximum (FWHM) of the peaks on
both figures indicates that the crystallinity was high [99].

Neither a degradation of the zeolite framework nor the platinum peak at 39.8° explains the
low activity of the samples, which will be discussed later.

On the other hand, the structure of the zeolites examined seemed to be unaffected by the
different cation exchange procedures. The TPR-spectra discussed below confirmed the

correctness of the method used.
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Figure 8: XRD-patterns of platinum supported ZSM-5, ion-exchanged by Method 1.
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Figure 9: XRD-patterns of platinum supported mordenite, ion-exchanged by Method 2.

The above results indicate that zeolites had been successfully synthesized in the
microchannel reactor and that ion-exchange was also successful, since the reference pattern

matches well with the patterns obtained for the zeolite synthesized.

2.2.2 Zeolite TPR-spectra

The TPR-spectra for zeolite catalyst obtained are shown in Figure 10 and Figure 11. The
essential difference between these spectra is due to the different distribution of platinum
inside the cavities of the zeolite and over the surface as well. Thus, the proper pretreatment

method was chosen judging from the curves.
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Figure 10: TPR-plot of platinum supported ZSM-5/35, ion-exchanged by Method 1.

The first peak in Figure 10 shows the amount of platinum on the surface of the catalyst. For
the catalyst prepared by Method 1 we obtained 1.6 wt.% Pt. The bigger this amount is, the
worse the catalyst performs, since the activity is gained by platinum present in the zeolite
pores. This is represented by the second and third peak, here 2.81 wt.%.

In contrary to that, in Figure 11 it is depicted that large amount of platinum, about 5.75 wt.%,
covers the surface and only 1.08 wt.% is ion-exchanged inside the cavities of the zeolite.

It is expected the amount of platinum present on the surface inhibits the gas to enter the
zeolite pores, where the active sites are located. From Figure 10 and Figure 11, it is clear that
Method 1 (24 h at room temperature), for ion-exchange, gives better results, according to the

TPR-measurements.
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Figure 11: TPR-plot of platinum supported ZSM-5/35, ion-exchanged by Method 2.

2.2.3 Zeolite SEM-photos

In order to determine the orientation of zeolite crystals and the homogeneity of the coating
over the microreactors SEM-photos were prepared.
In Figure 12 and Figure 13, characteristic coatings over ZSM-5/35 and mordenite are

depicted.

Stage st T= 0.0 File N

Figure 12: SEM-photo of a reactor coated with ZSM-5/35.
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Stageat T= 0.0

Figure 13: SEM-photo of a reactor coated with mordenite.

Figure 14 depicts a more detailed view (zoom in) of a microreactor coated with ZSM-5/35.
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Figure 14: Detailed view of a reactor coated with ZSM-5/35 at 2 kV.

Figure 15 and Figure 16 shows magnifications of mordenite SEM-photos at 2 and 5 kV

respectively.
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Figure 16: Detailed view of a reactor coated with mordenite at 5 kV.

As can be noticed, mainly from Figure 14 — Figure 16, our samples were successfully
prepared and synthesized in terms of needles orientation and homogeneity over the
microreactors. A well grown zeolite having the right orientation provides a better access of
the gas mixture to the active sites. In this respect, high performance of the catalyst was

expected.
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2.2.4 Gold TEM-photos

The TEM-pictures of 1 wt.% Au/CeO, and 5 wt.% Au/Co304 coprecipitated catalysts shown
in Figure 17 and Figure 18, reveal the presence of the gold particles as dark spots in the
catalyst. For both ceria and cobalt coprecipitated catalysts, the gold particles are seen as high

contrast spots both on and inside the support, where the average particle size of gold is less

than 2 nm [97].

Figure 17: TEM-image of 3wt.% Au/CeO..

The coprecipitated catalysts were calcined at 300 °C, which was thought to be the optimum
calcination temperature to obtain very small particles. From the pictures it can also be
observed, that the small gold particles did not show sufficiently homogeneous dispersion

neither on ceria nor on cobalt oxide.
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AL

Figure 18: TEM-image of 5 wt.% Au/Co;0,.

In general, gold is deposited with its 111 plane in contact with the metal oxide [100].
However, it is not possible to know its exact structure, because the samples were in powder
form and the gold particles were in both samples too thick (approximately 2 nm). Thus, gold
appeared as tiny shadowed spots [101]. In Table 4 median particle diameters of various metal
oxides calcined at 300 °C are presented. Hydrogen chemisorption was used by the University

of Zaragoza Spain, to determine the mean particle size.

Table 4: Median gold-particle diameter for 3 wt.% Au catalysts over various metal oxides.

Metal oxide Median particle diameter (nm)
Co03;04 <2

Fe,03 4

TiO, <2

CeO, <2

NiO 3

ALO; 4

Gold particle sizes on the various samples are similar, when calcined at the same
temperature. The presence of gold particles on cobalt and ceria oxide support was verified by
EDX-spectra (Figure 19 and Figure 20), focusing on the regions containing high contrast

spots under TEM.
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Figure 20: EDX-analysis of 3 wt.% Au/CeQ.
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2.3 Activity measurements

With the results reported in the previous section, the optimum synthesis conditions for gold
and zeolite catalysts were selected. In this chapter, catalysts prepared as washcoats are
presented as they were tested in microreactors for the preferential oxidation of carbon
monoxide in hydrogen-rich stream in the presence of carbon dioxide.

Aim of these preliminary tests was to select the most promising catalyst. For this selection
two criteria were used, namely the activity and selectivity of each catalyst at temperatures
below 200 °C and at maximum weight hourly space velocity (WHSV) of 180 Ndm’/h-gcs. In
Table 5, the physical properties of the metal oxides over gold catalysts, tested in the five fold
reactor, are listed. Samples were calcined at 300 °C. Both median pore diameter and the

surface area were determined by nitrogen adsorption.

Table 5: Surface area and pore diameter for 3 wt.% Au catalysts over various metal oxides.

Metal oxide Surface area (mz/g) Median pore diameter (nm)
Co304 59.50 15
Fe,0; 25.95 20
TiO, 41.95 3
CeO, 78.10 46
NiO 19.05 34
ALO; 179.10 4

The different Au/MeQOy investigated catalysts exhibit significant activity differences in the
carbon monoxide oxidation reaction in reformate gas-stream. There was a strong variation of
the physical properties, which are depended on the metal oxide nature. The surface area of
Al,O3 was ten times higher compared with NiO. The pore radius of Fe,O3; was more than five
times larger compared with Al,O;. Since the gold particle sizes on the various samples are
rather similar, when calcined at the same temperature, particle size effects cannot be held
responsible for these differences. Consequently, the differences are related to the different
support materials with easily reducible metal oxides. It was thus expected that the metal
support will strongly influence the reaction rate.

The same implied also for zeolite catalysts. The differences of the framework structure
between ZSM-5/35, ZSM-5/100, zeolite-Y and mordenite are related to different physical

and chemical properties.
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2.3.1 Gold-catalysts

The influence of several parameters was examined. All measurements with gold-catalysts
were carried out using a synthetic methanol reformate stream, which contained
1.27 Vol.% CO, 72 Vol.% Ha, 20 Vol.% CO,, and O, (depending on O/CO ratio), in the five
fold reactor (section 3.3.1).

The first parameter examined was the calcination temperature and its effect on the activity of
the catalyst. When the calcination temperature is below 200 °C, gold can exist as an oxidic
species, Au;Os, similar to gold hydroxide (Au(OH)3). Above 300 °C the oxidic gold species
are decomposed into metallic species and gold-sintering occurs. At 500 °C almost all oxidic
gold species are reduced to metallic species [69, 102 and 103]. This was proven also by the
presence of peaks of metallic gold species in the XRD patterns.

The same conclusion for the relation between calcination temperature and change of oxidic
gold to metallic gold which causes catalyst inactivity through sintering stands for the relation
between calcination temperature and physical properties of the catalyst. In Table 6 the
influence of calcination temperature on particle diameter and surface area is presented.

Table 6: Surface area and gold particle diameter dependence on calcination temperature
for 3 wt.% Au over Fe;0s catalyst (University of Zaragoza Spain).

Calcination temperature (°C)  Surface area (m’/gr)  Gold Particle diameter (nm)

400 25.95 6.50
450 20.68 8.31
500 14.62 9.04
600 10.89 9.31

The suggestion [71 and 73] that increasing calcination temperature corresponds to an
increment in gold particle size is confirmed by the above measurements. By varying the
calcination temperature of the washcoat, its properties are affected significantly.

In particular, by increasing the calcination temperature not only particle diameters increased,
which is reported to be a disadvantage [104], but also the surface area and hence the
oxidation capabilities of the catalyst decreased. In Figure 21 the carbon monoxide conversion
as a function of temperature for two different calcination temperatures is shown. When the
calcination temperature was above 300 °C, deactivation of the gold-catalyst occurred.

Therefore, a calcination temperature of 300 °C was selected.
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Figure 21: CO conversion achieved vs. reaction’s temperature over catalyst containing

3 wt.% Au/Co30,, feed O/CO = 4, WSHV = 180 Ndm’/h g at (m) 500 °C and (e)
300 °C calcination temperature (five fold reactor).

In Figure 22, the carbon monoxide conversion over various gold-metal oxides is shown.
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Figure 22: CO conversion achieved vs. reaction’s temperature over various catalysts
containing 3 wt.% Au, feed O/CO = 8, WSHV = 90 Ndmj/hgcm over (m) NiO,,
(0) CeO;, () TiO,, (A) Co30,4 and (o) Fe,O; (five fold reactor).
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As shown in Figure 21 and 22, both Au/Co3;04 and Au/Fe,0; catalysts present remarkable
activity at high temperatures for the carbon monoxide oxidation in the presence of carbon
dioxide. In contrary, at temperature below 180 °C only Au/Co3;04 shows moderate activity.
The other metal oxides shown in Figure 22, namely TiO,, NiO; and CeO,, present very low
activity under the specific conditions investigated.

As mentioned, the preparation method plays also a significant role to the activity of the
catalyst. In Figure 23, two Au/y-Al,O; catalysts are compared. The first-one was prepared by
impregnation method, while the second-one by coprecipitation method. The inlet O/CO ratio
was 4 and the WHSV = 180 Ndm’h™"-geo .

The difference between the two Au/y-Al,O; catalysts is remarkable. More specifically,
conversion of the impregnated gold is significantly higher than the conversion exhibited by
the coprecipitated Au/y-Al,Oj3 catalyst. The impregnated gold-catalyst exhibited conversion

and performance similar to those achieved over Au/Co3;0;4 for the whole temperature range.
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Figure 23: CO conversion achieved vs. reaction’s temperature over various catalysts
containing 3 wt.% Au, feed O/CO ratio = 4, WSHV = 180 Ndmj/hgcm over
(m) co-precipitated y-Al;,O;, (A) impregnated y-Al,0;3, (0) Co3;04 and (e) CeO;
(five fold reactor).

Furthermore, the enormous influence of carbon dioxide on the activity of the gold-catalysts
synthesized by coprecipitation was confirmed. The resistance of the Au/Co3;04 catalyst on

carbon dioxide was tested in a quartz tube with an inner diameter of 4 mm. It was filled with
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catalyst diluted by Al,O;. Reaction rate and selectivity were determined as a function of
temperature.

For this purpose 130 mg of catalyst were used, diluted by 50 wt.% Al,O3; and an inlet
concentration of 5,000 ppm CO. This mixture ensured thermal homogeneity and reasonable
pressure drop inside the fixed bed reactor. The concentrations of the gases components were
measured for both inlet and the outlet of the reactor, using an NGA 2000 detector from
Fisher Rosemount, with IR detectors for carbon monoxide and carbon dioxide, a
paramagnetic sensor for oxygen and a thermal conductivity sensor for hydrogen. All
measurements were carried out at O/CO ratio of 8, using a total flow of 390 Nml/min
synthetic methanol reformate, consisted of 0.5 Vol.% CO, 70 Vol.% H,, 0 — 20 Vol.% CO,,
2 Vol.% O, and N; in balance. In Figure 24 the carbon monoxide conversion and selectivity

1s shown as a function of time.
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Figure 24: CO conversion and selectivity achieved vs. time on stream over catalyst
containing 3 wt.% Au/Co30y, feed O/CO = 8, at 50 °C, WSHV = 180 Nde/h'gm,
with (m) 20 Vol.% CO;, or without (¢) CO; in the reaction mixture. Solid and
open symbols denote, respectively, conversion and selectivity.

In the presence of carbon dioxide, conversion drops rapidly within 2 h, while in the absence
of carbon dioxide remained 100% for more than 20 h. Looking at the selectivity as a function
of gas composition, we can assume that the presence of carbon dioxide hindered the

oxidation of carbon monoxide, without affecting the oxidation of hydrogen.
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A possible explanation for this behaviour was given by Schubert et al. [74]. They found
similar effects of carbon dioxide presence in the synthetic reformate on the activity of
preferential carbon monoxide oxidation for the Au/Fe,O3 system. The authors assumed co-
adsorption of carbon dioxide at the gold-metal oxide interface to be responsible for the
decreased activity.

The pH influenced significantly the activity, as shown in Figure 25. The pH of the buffer
solution at which gold and metal solutions coprecipitated depends on the metal. To examine

the pH, it was necessary to vary the pH, from low or high values to the final pH value where

the solvate precipitates.
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Figure 25: CO conversion achieved vs. reaction’s temperature over catalyst containing
5 wt.% Au/Co3;0y, feed O/CO = 8, WSHV = 180 Nde/h'gm, at a pH ranging
(o) from 2 to 7, (¢) 7 and (m) from 11 to 7. Solid and open symbols denote,
respectively, 300 °C and 400 °C calcination temperature (five fold reactor).

It has been found that preparation at a constant pH was preferable, ranging from 7 to 8
depending on the oxide support. For cobalt oxide this value was set to 7, as it was suggested
[105 — 107] and thus higher activity was achieved. Any other pH-conditioning derived to
inactive catalyst.

Other parameters thought to influence the activity of gold-catalysts were also investigated
[108 and 109]. The need to activate the sample in an oxygen or hydrogen atmosphere (60 —

200 ml/min) at moderate temperature (100 — 300 °C) was not verified by the experiments
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carried out. It was also suggested [106] that the gold-precursor could affect the activity.
Apart from gold tetrachloroauric acid (HAuCly) used in all the previous experiments, gold-
acetate (Au(O,CCHs)s3) was tested as alternative precursor. Figure 26 discourages the usage
of Au(O,CCHs); as gold-precursor for synthesizing such a catalyst, as it is little soluble in

water and can not be used in coprecipitation or in any other similar method.
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Figure 26: CO conversion achieved vs. reaction’s temperature over catalyst containing
3 wt. % Au/CeQ,, feed O/CO = 4, WSHV = 180 Ndm3/h'gcm with (¢) HAuCl,; and
(m) Au(O,CCH3); as gold-precursor (five fold reactor).
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2.3.2 Zeolite-catalysts

For all the experiments carried out with zeolites in the single reactor (section 3.3.1), the
reaction mixture consisted of 1.27 Vol.% CO, 26.3 Vol.% CO, and 72.43 Vol.% H,. Oxygen
was also present in various concentrations (O/CO ratio).

The ZSM-5/100 catalysts, prepared at the University of Zaragoza, contained 4.2 wt.%,
1.5 wt.% and 0.5 wt.% Pt, respectively.

In Figure 27, the conversion of carbon monoxide and the selectivity as a function of the

temperature are shown for ZSM-5/100 catalyst with 4.2 wt.% Pt.
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Figure 27: CO conversion and selectivity achieved vs. reaction’s temperature over catalyst
containing 4.2 wt.% Pt ZSM-5/100, WSHV = 180 Ndm’/h-g... at feed (m) O/CO =
8, (8) O/CO = 4 and (A) O/CO = 2. Solid and open symbols denote, respectively,
the CO conversion and selectivity.

As expected, the O/CO ratio increases the overall conversion. Conversion of 100% (carbon
monoxide below 5 ppm was the detection limit of the GC) was achieved for temperatures
higher than 160 °C, 180 °C and 200 °C at O/CO ratio of 8, 4 and 2 respectively.

Primary aim for a carbon monoxide catalyst for fuel cell application is to convert carbon
monoxide to at least 50 ppm (if not to 10 ppm) and maintain stable activity. It is also, though,
important to investigate the extent of hydrogen loss due to the catalyst selectivity properties
at varying O/CO ratio. Hydrogen oxidation is strongly inhibited by the presence of carbon

monoxide due to the stronger carbon monoxide chemisorption on the noble metal surfaces as
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compared with hydrogen and oxygen chemisorption. Consequently, carbon monoxide covers
these active sites allowing hydrogen and oxygen species to weakly chemisorb when
temperatures are high enough to desorb some of the carbon monoxide. Thus, once this stage
is reached, there is simultaneous hydrogen and carbon monoxide oxidation taking place at
different rates. As it was expected the catalyst is more selective when less oxygen (O/CO =
2) is present at the reaction mixture. Increasing the amount of oxygen inevitably led to an
increase in hydrogen loss.

It is important to mention that at low temperatures the catalyst is most active at O/CO = 4.

In Figure 28, the results obtained with 1.5 wt.% Pt ZSM-5/100 catalyst are presented.
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Figure 28: CO conversion and selectivity achieved vs. reaction’s temperature over catalyst
containing 1.5 wt% Pt ZSM-5/100, WSHV =180 Ndm3/h'gcm at feed
(m) O/CO = 8 and (e) O/CO = 4. Solid and open symbols denote, respectively,

the CO conversion and selectivity.

Compared to the previous measurement, this catalyst is less active. Acid sites on the zeolite
are formed by ion exchange. The more platinum is exchanged the more acidic the zeolite is
and thus, more active. Consequently, it was expected lower activity for a catalyst with lower
platinum content.

As mentioned before, at low temperatures the catalyst is more active when O/CO = 4 and not
when O/CO = 8 (which means more oxygen in the reaction mixture). In both cases,

experiment were made firstly at O/CO = 8 and then at O/CO = 4. This seems to cause an
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increase of the catalyst activity. Besides, as it is depicted in Figure 28, the catalyst shows
higher activity and selectivity by a second pass (reverse route), indicating the need of a
pretreatment in flow before each test.

Figure 29 illustrates the carbon monoxide conversion and selectivity over 0.5 wt.% Pt ZSM-

5/100 catalyst.
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Figure 29: CO conversion and selectivity achieved vs. reaction’s temperature over catalyst
containing 0.5 wt% Pt ZSM-5/100, WSHV =180 Ndm3/h'gcm at feed
(m) O/CO = 8 and (e) O/CO = 4. Solid and open symbols denote, respectively,

the CO conversion and selectivity.

The catalyst remained little active at temperatures below 160 °C. Nevertheless, 100%
conversion was achieved at a temperature of 200 °C. The O/CO ratio did not have any effect
on the conversion over 0.5 wt.% Pt ZSM-5/100. In contrast, 0.5 wt.% Pt ZSM-5/100
presented higher selectivity when less oxygen was in the feed, especially at lower
temperatures. This was because there were not enough acidic sites to catalyze carbon
monoxide reaction (low platinum content). The remainder of oxygen caused hydrogen
combustion leading to lower selectivity [9]. However, at higher temperatures, oxygen species
can easier react preferentially with carbon monoxide, concentrated in the zeolite pores [9].
This can explain the increase of the selectivity at temperatures between 100 °C and 160 °C.
At low conversion and as the temperature increased above 140 °C some active sites get

available for oxygen adsorption and the conversion of carbon monoxide gets accelerated.
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Since the application of the present preferential oxidation catalyst is for a fuel cell system, it
was important to determine the effect of space velocity on its performance. Figure 30 shows
the effect that weight hourly space velocity (WHSV) has on the activity of a ZSM-5/100
catalyst, containing 4.2 wt.% Pt. The tests were carried out over the same microreactor and in

both cases the flow was laminar.
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Figure 30: CO conversion and selectivity achieved vs. reaction’s temperature over catalyst
containing 4.2 wt.% Pt ZSM-5/100, feed O/CO = 2, (A)WSHV = 180 Ndm3/h'gcm
and (8) WHSV = 120 Ndm’/h-g.a,. Solid and open symbols denote, respectively,
the CO conversion and selectivity.

As shown in Figure 30, with higher space velocity the reactant gases had less time over the
catalyst to achieve adsorption thus leading to a lower carbon monoxide conversion at a
specific temperature. To achieve 100% carbon monoxide conversion, at 180 Ndm®/-g., space
velocity, a temperature of ca. 200 °C was required. This was 40 °K higher than the
temperature required to achieve full conversion with a space velocity of 120 Ndm3/h-gcat. At
a space velocity of 180 Ndm3/h-gcat and 75% conversion, a carbon monoxide selectivity of
ca. 65% was achieved which was nearly 10% higher than the selectivity achieved at a space
velocity of 120 Ndm®/h-g., and conversion of 75%. This implies that at high space velocities
the rate of hydrogen conversion decreased with respect to the rate of carbon monoxide
conversion as hydrogen adsorption rate was lower than that of carbon monoxide.

At higher temperatures, where nearly all of the oxygen has been depleted, selectivity
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decreased in both cases to the level of ca. 50% which is to be expected at O/CO ratio of 4.
Figure 31 presents long term testing of the 4.2 wt.% Pt ZSM-5/100 catalyst.
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Figure 31: 4.2 wt.% Pt ZSM-5/100 catalyst operation with time at 190 °C, feed O/CO = 4
and WSHV = 180 Ndm3/h-gcat. Solid and open symbols denote, respectively, the
CO conversion and selectivity.

Zeolite ion-exchanged catalyst exhibited remarkable activity and selectivity, although rapidly
deactivation occurred even at relatively high temperatures. After 35 h, the conversion had
decreased to 40% and remained there for 30 h.

The performance exhibited by platinum-exchanged ZSM-5/100 catalysts was promising. It is
reported elsewhere, that other zeolites (e.g. mordenite, ZSM-5/35 and zeolite-Y) exhibit
superior performance compared to ZSM-5/100 [9]. The Si/Al ratio plays an important role in
the catalytic activity (difference between ZSM-5/35 and 100). When this ratio is decreased,
the acid sites density is increased, leading theoretically to higher conversions [110 and 111].
The zeolite-Y was selected in the present study, since the diameters of the entrance and
supercage of Y-type zeolite are 0.74 and 1.3 nm, respectively, and carbon monoxide and
oxygen molecules can enter the micropores with an enough clearances.

In Figure 32, comparison of the above catalysts is depicted. The catalysts did not demonstrate
the superior behavior of ZSM-5/100. Several parameters were investigated to ensure that
synthesis and pretreatment conditions were ideal and suitable for the proposed zeolite.

Experiments were carried out at inlet O/CO ratio of 4 and WHSV of 180 Ndm’/h- Zeat
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Figure 32: CO conversion achieved vs. reaction’s temperature at WHSV = 180 Ndmj/h-gwt,
feed O/CO = 2 over (A) Zeolite-Y,(¢) ZSM-5/35 and (®) Mordenite catalyst.

Zeolite Y exhibited higher activities than mordenite and ZSM-5/35. Similar results were also

obtained under different experimental conditions (Figure 33).
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Figure 33: CO conversion achieved vs. reaction’s temperature at WHSV = 180 Ndmg/h-gw,,
feed O/CO = 4 over (¢) Zeolite-Y and (®) ZSM-5/35 catalyst. Solid symbols
denote calcination at 400 °C and reduction at 60 °C under 60 ml/min H; flow.
Open symbols denote calcination at 300 °C without reduction.
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As mentioned before, the catalytic activity of zeolite catalysts for the preferential oxidation
of carbon monoxide depends on aluminium loading. The higher loading of aluminium on the
surface of Y-type zeolite can prevent the sintering of metal species providing a more
hydrophilic environment for them; therefore, higher catalytic activity for carbon monoxide
oxidation can be achieved.

As it is depicted in Figure 32 and Figure 33, the catalytic activity and the stability of Y-type
zeolite were higher than those of mordenite or ZSM-5/35. Mordenite can possibly facilitate
the sintering of platinum. In contrast, the pores in Y-type zeolite can prevent the sintering of
platinum during carbon monoxide oxidation [112].

The influence of the calcination temperature and the pretreatment method on the activity was
also remarkable. It is reported, that each zeolite requires specially and unique elaborateness

[113].
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Figure 34: CO conversion and selectivity achieved vs. reaction’s temperature over
0.5 wt.% Pt/Mordenite catalyst, feed O/CO = 3, WHSV = 180 Ndm’/h'gea,
(A) conversion and (m) selectivity.

In the case presented in Figure 32 and in Figure 34, the platinum-mordenite catalyst does not
show significant abilities to catalyze selectively carbon monoxide oxidation. Although
pretreatment conditions, reported in literature [114] (1 hour at 300 °C in 60 ml/min H, flow),
were followed, the results obtained were not encouraging.

Recently, it was reported that platinum-iron/mordenite exhibited higher carbon monoxide
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conversion and selectivity than platinum/mordenite catalyst [114]. For this purpose a catalyst

was prepared and the results are depicted in Figure 35.
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Figure 35: CO conversion and selectivity achieved vs. reaction’s temperature over
platinum-iron/mordenite catalyst, feed O/CO = 2, WHSV = 180 Ndm’/hgeas
(A) conversion and (®) selectivity.

There are remarkable prospects for some catalysts, namely platinum supported in ZSM-5/100
and platinum-iron ion-exchanged in mordenite.

Although platinum-mordenite and iron-mordenite had negligible activity for the preferential
oxidation of carbon monoxide, it is believed that platinum sites act as adsorption sites for
carbon monoxide and for hydrogen, while iron (dominantly FeO) sites only for oxygen. In
this way, the addition of iron to platinum-mordenite can preserve oxygen adsorption sites for
the preferential oxidation reaction, even in excess of hydrogen gas flow. The poor reactivity
of platinum-mordenite can be ascribed to the lack of carbon monoxide and of oxygen
adsorption as the essential requisite for the Langmuir-Hinshelwood mechanism. This was
proposed as a bifunctional mechanism for the distinctive performance at platinum-
iron/mordenite, where the platinum site acts as a carbon monoxide adsorption site and the
iron site acts as an oxygen dissociative-adsorption site and enhances the surface reaction
between the reactants on the neighboring sites [113 — 115].

Several parameters, originally assumed to have minor effect, unexpectedly played a

significant role for the activity (e.g. heating rate, flow rate during calcination and reduction).
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Calcination temperature and heating rate as well, seem to be crucial to the catalyst
performance. The necessity to use a very low heating rate, near 0.2 °C/min, is explained by
the slow desorption of water and ammonia from the microporous zeolite in combination with
the stabilization of mobile platinum species by the cavity walls of zeolite. Besides, greater
heating rate leads to unstable zeolite pores. The calcinations must be done under continuous

flow in order to secure the complete water sewerage from zeolite pores [116].

2.3.3 Other noble metal catalysts

For low temperature fuel cells the final removal of residual carbon monoxide in the hydrogen
is of importance. It is presently achieved by oxidation with various noble metal containing
catalysts. However, these suffer under unselective oxidation and thus also reduce the
hydrogen content. Highly active and selective carbon monoxide oxidation catalysts are
required. Hence, the conversion and the selectivity achieved in a single microreactor coated
with a Pt-Rh/y-Al,O3; catalyst developed at the Institut fiir Mikrotechnik and a
Pty sA1;Mn;Cog; 5Oy catalyst synthesized at the University of Saarbriicken for the preferential
oxidation of carbon monoxide in the presence of excess hydrogen were examined and
presented in Figure 36 and Figure 37, respectively. These platinum-based catalysts were

selected as reference catalysts.
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Figure 36: CO conversion achieved vs. reaction’s temperature at WSHV = 180 Ndmj/h-gwt,
feed O/CO = 4 over (a) PtysAl;Mn;Cog; 5O, and (®) Pt-Rh/y-Al,O; catalyst.
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Important parameter for the selection and the comparison of those two catalysts was the
platinum content in the mass of the catalysts. Platinum is not abundant and its high prise is a
drawback. However, the low content of platinum in the CoMn-catalyst, which was only 10%
of that of the alumina catalyst, was a big advantage for the former.

Among the two catalysts tested, the Pty sAl;Mn;Coo; sOx sample was the most active and the
most selective as well, especially at lower temperatures. Indeed, under these conditions
(WHSYV = 180 Nl/h-ge, and O/CO = 4), the temperature at which 50% conversion of carbon
monoxide was obtained, Tso, was found equal to 118 °C (Sco = 49%) and 127 °C
(Sco = 22%) for the PtysAl;Mn;Cog; sOx and Pt-Rh/y-Al,O; respectively. The maximum
carbon monoxide conversion achieved over the PtysAl;Mn;Coq;sOx sample was 100%
(Sco = 25%) at 140 °C. The temperature at which full carbon monoxide conversion was

obtained with the Pt-Rh/y-Al,O3 was 150 °C (Sco = 25%).
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Figure 37: CO selectivity achieved vs. reaction’s temperature at WSHV = 180 Ndm3/h'gcm,
feed O/CO = 4 over (A) PtysAl;Mn;Cog; 5O, and (®) Pt-Rh/y-Al,O; catalyst.

As seen from the same figures, the influence of the reaction temperature on selectivity
depends strongly on the nature of the catalyst. For the PtysAl;Mn;Cog;sOx sample, the
increase of the reaction temperature is accompanied with a continuous decrease of the
selectivity. Over the Pt-Rh/y-Al,O; catalyst the selectivity remains in the range from

22 — 25% for the whole temperature range of our experiment, although the conversion of
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carbon monoxide greatly increases from 10 to 100%.

A. Effect of O/CO ratio

The process parameter A = 2:[0,]/[CO] defines the oxygen excess with respect to
stoichiometric amount to oxidize carbon monoxide. As hydrogen oxidation competes with
carbon monoxide oxidation in such a system, an optimum catalyst formulation must show
high activity and selectivity towards carbon monoxide oxidation. Therefore, the O/CO ratio
influence on the activity had to be examined.

As the selectivity is inversely proportional to the oxygen content, an ideal catalyst should be
active even with low oxygen contents (low A values) in order to maintain selectivity at
acceptable values.

Figure 38 and Figure 39 show that with increasing oxygen concentration and within the
temperature range between 80 °C and 160 °C the carbon monoxide conversion increased for
both Pty sAl;Mn;Cog; sOx and Pt-Rh/y-Al,O;5 catalysts. Thus, with both catalysts full carbon

monoxide conversion was achieved at O/CO ratio of 2 or higher.
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Figure 38: CO conversion achieved vs. reaction’s temperature at WSHYV = 180 Ndm’/hgea,
over Pt-Rh/y-Al;O; catalyst at feed (A) O/CO =8, (o) O/CO =4, (¢) O/CO =2
and (m) O/CO = 1.
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Figure 39: CO conversion achieved vs. reaction’s temperature at WSHYV = 180 Nde/h'gm,
over Pty sAl;Mn;Cog; 5Oy catalyst at feed (®) O/CO = 4 and (¢) O/CO = 2.

Figure 40 and Figure 41 show the selectivity with varying O/CO ratio.
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Figure 40: CO selectivity achieved vs. reaction’s temperature at WSHV = 180 Ndm’/h-geas
over Pt-Rh/y-Al;O; catalyst at feed (A) O/CO =8, (o) O/CO =4, (¢) O/CO =2
and (m) O/CO =1.
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Figure 41: CO selectivity achieved vs. reaction’s temperature at WSHYV = 180 Ndm’/h-g.q;
over Pty sAl;Mn;Cog; 5Oy catalyst at feed (®) O/CO = 4 and (¢) O/CO = 2.

Raising the amount of oxygen inevitably led to an increase in hydrogen loss (lower
selectivity). The PtosAl;Mn;Cog;sOx catalyst, which shows the higher activity and
selectivity, has also limitations. It did not show stable activity at temperatures exceeding
150 °C at O/CO =2.

The reduced hydrogen consumption of the Pty sAl;Mn;Cog; 5Oy catalyst may be attributed to
a lack of OH™ groups present on its surface, as opposed to the Pt-Rh/y-Al,O; catalyst. These
OH’ groups are involved in the hydrogen oxidation mechanism and promote its conversion

[46].

B. Effect of CO; on the CO conversion over Pty sAl;Mn;Co91 50y

The influence of the presence of 15 Vol.% CO; on the carbon monoxide conversion with
Pty sAl;Mn;Cog; 5Oy catalyst is shown in Figure 42 and Figure 43. Carbon dioxide generally
decreases conversion slightly, which is quantified in an increase of the temperature Ts, from
115 °C to 118 °C. Remarkable is the influence indicated on the selectivity, showing that
carbon dioxide obviously blocks the active sites required for the hydrogen oxidation thus

increasing the selectivity, especially at lower temperatures.
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Figure 42: CO conversion achieved vs. reaction’s temperature at WSHV = 180 Ndmj/h-gwt,
feed O/CO = 4 over PtysAliMn;Coy; 5O, catalyst (m) in the absence of CO, and
(a) in the presence of 15 Vol.% CO..
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Figure 43: CO selectivity achieved vs. reaction’s temperature at WSHYV = 180 Ndm’/hgeas,
feed O/CO = 4 over PtysAl;Mn;Coy; 5Oy catalyst (m) in the absence of CO, and
(A) in the presence of 15 Vol.% CO..
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This however is not a benefit under realistic operating conditions, because full conversion of
carbon monoxide requires temperatures, where the selectivity increase through carbon

dioxide becomes negligible (Figure 43).

C. Effect of space velocity

As the application of the present preferential oxidation catalysts are fuel cell systems, it was
important to determine the effect space velocity has on its performance as it reflects transient
operating conditions. The Pt-Rh/y-Al,O; catalyst showed full conversion at different WHSV
between 90 and 270 Ndm3/h-gcat, at O/CO =4 at 160 °C.

D. Catalysts long term experiments

Prior to the long term testing of the Pt-Rh/y-Al,O; catalyst its short term durability was

investigated by stepwise increasing the reaction temperature as shown in Figure 44.

CO Conversion (%)

Time (h:min) . 121

Figure 44: Pt-Rh/y-Al,0; catalyst durability, feed O/CO = 4 and WSHV = 180 Ndmg/h-gcat.

With increasing temperature the durability and activity of the catalyst increased. At 120 °C
full conversion was achieved but did last not more than 1 — 2 h. Above this temperature its
durability and activity increased again showing full conversion up to 200 °C reaction

temperature. The reaction temperature was then decreased to 160 °C and the reactor was
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operated for 72 h at this temperature. The catalyst showed stable activity during this period.
In addition, the catalyst exhibited a broad operating temperature window (from 160 °C to
200 °C); while the carbon monoxide content was below 10 ppm. This factor is important
when considering temperature fluctuations typically experienced during operation of a fuel
processor.

In Figure 45 and Figure 46, is shown PtysAl;Mn;Cog; 5Oy catalyst tested at 145 °C and
150 °C for 50 h and 70 h respectively.
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Figure 45: CO conversion and selectivity achieved vs. time over Pty sAl;Mn;Coy; 5O, catalyst
at 145 °C, WSHV = 180 Ndmg/h-gw,, feed O/CO =4, (¢) Conversion and
(©) Selectivity.

Full conversion of carbon monoxide to concentrations below 10 ppm was initially achieved
for both temperatures. However, at 145 °C reaction temperature, the catalyst showed rapid
deactivation after 45 h.

When increasing the reaction temperature to 150 °C, the durability and the activity were

again increased and were stable for the 72 h testing period.
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Figure 46: CO conversion and selectivity achieved vs. time over Pty sAl;Mn;Coy; 5O, catalyst
at 150°C, WSHV =180 Ndmj/h-gwt, feed O/CO =4, (¢) Conversion and
(0) Selectivity.
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2.4 Residence time distribution and reactor model

In practice the reactors used are never ideal; they can often be far from that. There are several
reasons for this: the flow may have a preferable path in the reactor, it can circulate in the
reactor or dead zones may exist [87].

In order to predict the behavior of a non-ideal reactor, the flow of matter through the single
microreactor should be determined. This can be done by measuring for how long each
molecule stays in the reactor, because typically molecules that travel different paths have
different residence times. Marker experiments give the age distribution of the molecules in a
flow. Figure 47 shows the results from the measurements performed at a feed flow rate of
100 ml/min (Standard Temperature and Pressure) through the recycle reactor at recycle ratio

of 35. It is convenient to represent the RTD of the recycle setup used as normalized

distribution.
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Figure 47: Residence time distribution for a Plug Flow Reactor followed by a Continuous
Stirred Tank Reactor.

The tracer signal fed to the reactor was determined in bypass and fed to the reactor model.
The bypass measurement shows the input signal fed to the recycle reactor (Figure 48a). The
response of the recycle reactor is also plotted. This behavior deviates from the ideal CSTR.
To represent this behavior different models were employed. A combination of a PFR

connected in series with a CSTR (Figure 48b) agrees well with the experimental setup.
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Figure 48: (a) Recycle reactor used and (b) PFR and CSTR reactors connected in series.

2.4.1 Reactor model

The predicted model and the experimental results are in a good agreement as it is depicted.

The delay of the reactor response observed (Figure 47) was thought to originate from the
tube installed before and after the recycle reactor and connects the sample loop with the
recycle reactor and the IR-sensor. This tube was modeled as the Plug Flow Reactor (PFR).
The results obtained with this model (PFR + CSTR) revealed best agreement between
predicted and experimentally determined reactor response. Table 7 provides a comparison of
model parameters (reactor volumes) and the actual values of the experimental setup. For

comparison purposes, the mean residence time (¢,,) was calculated by integrating the RTD:

t = TrE(t)dt (8)

Table 7: Characteristics of the model applied.

Real Model
Volume (ml) 19 19.2
Mean residence time (sec) 15.7 15.9
Mean (%) 2

The good agreement of the model with the experiments justifies the assumption that the
recycle loop behaves as a CSTR, while the pipes installed before and after the loop as a PFR.

Additionally, high recirculation rates, mentioned above, also permit high gas velocities over
the catalyst coating without the use of excessive quantities of reactants. Thus, mass transfer
limitations can be eliminated even for very rapid reactions. Assuming that the overall rate of
reaction is limited at low recirculation rates by the rate of mass transfer, then as the
recirculation rate is increased the total conversion remains constant. When a certain
recirculation rate is exceeded, any change of recirculation rate does not affect the conversion.

This is shown in Figure 49.
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Figure 49: Effect of recirculation rate on CO conversion (0.5 Vol.% CO, O/CO = 4 and N;
in balance).

Since the conversion of carbon monoxide is independent from the flow rate for the whole
temperature-range and thus from the recirculation rate, the mass transfer limitation is

negligible and can be ignored [117].
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2.5 Kinetic measurements

In the following chapter, the conversion of the carbon monoxide oxidation in simulated
reformer gas and how each component influences the reaction rate, will be discussed in
detail. A proper method for the characterisation of the reactor will be also analysed. The
standard method for the determination of reaction orders is to vary the inlet partial pressure
or concentration of one of the reactants, while keeping all other reactants constant. In the
present study, however, this approach was not followed, since it would entail measurements
over a large range of O/CO ratios, which is undesirable for two reasons: (a) prime criterion
for the preferential carbon monoxide oxidation is the minimization of hydrogen oxidation
and thus the relevant range of the O/CO ratio was limited (A ~ 1 — 4); (b) a large variation
between different reaction regimes, which would invalidate the experimental approach
because of a change in mechanism. Therefore, the carbon monoxide concentration
dependence was investigated by changing the carbon dioxide concentration at relatively
constant O/CO ratio rather than at constant oxygen concentration and thus the use of the
inclination as an exponent is implicit [50].

It will, however, be shown that it can be deduced from the measured data by means of a
numerical fit of the rco data to a kinetic rate expression. This will provide an accurate method
for data interpolation and will in turn allow the comparison between the reaction rates
measured in this work and data resulting from the model. Finally we will discuss the effect of

hydrogen, carbon dioxide and steam on the rate of carbon monoxide oxidation.

2.5.1 CO oxidation without H,

The data for estimation of the parameters were obtained with the catalyst containing 5 wt.%

Pt and 5 wt.% Rh. Maximum conversion under the test conditions was 15%, as it can be seen

in Figure 50.
The rate of the carbon monoxide oxidation in the absence of any other gases can be described
by equation (9):
Ey
reo =ky-e *7-[CO]"-[0,] -[H,] -[cO.] )

All experiments were accomplished with WHSV = 180 dem’/h Zcat, Which is a realistic value.

The ranges of the experimental conditions covered are listed in Table 8.
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Table 8: Range of experimental conditions during the CO oxidation over Pt-Rh/y-Al,O;. N>
is used in a balance.

Total Feed [ml/min] (STP) 100

CO [ml/min] (STP) 0.5-2.0
O/CO ratio (-) 1.0-4.0
T (°C) 130 - 180

The reformate temperature was kept below 180 °C to remain in a realistic range [45, 118 —

120].
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Figure 50: CO conversion achieved vs. reaction’s temperature over Pt-Rh/y-Al;O3 catalyst

(1.5 Vol.% CO, O/CO = 3 and N, in balance).

Figure 51 shows the oxidation rate as a function of oxygen output concentration for a carbon
monoxide concentration of 2 Vol.%.

The least-squares regression line fitted the data with slope near 0.8, which corresponds to the
exponent 3 for the oxygen concentration in equation (9).

Figure 52 shows the carbon monoxide oxidation rate versus carbon monoxide outlet

concentration.
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Figure 51: CO reaction rate vs. O, concentration over Pt-Rh/y-Al,O;3 catalyst (2 Vol.% CO,
O, and N in balance).

The reaction order of carbon monoxide was determined to aco = -0.53. This is in reasonable

agreement with the data found in literature [50 and 121].
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Figure 52: CO reaction rate vs. CO concentration over Pt-Rh/y-Al,0; catalyst (O/CO = 4,
CO and N, in balance).
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With exponents being known, the rate constant can be readily determined. Figure 53 shows

the temperature dependence of the rate in the range of 160 — 180 °C.
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Figure 53: Arrhenius plot of the rate constant for CO oxidation over Pt-Rh/y-Al;O; catalyst
(O/CO =4, 2.0 Vol.% CO and N in balance).

The apparent activation energy from the least squares regression was 94.2 kJ/mole. The pre-

exponential factor ko was estimated near 6.4x10'? m1%7* gca{l‘s'l.

The confidence interval was 95 %.The parameters are summarized in Table 9.

Table 9: Confidence intervals of the kinetic parameters estimated by regression method for
CO oxidation without H, for equation (9).

a(-) -0.53+0.06
BC) 0.79+0.14
Y (¢) 0
() 0
E4 (kJ/mole) 94.2+6.47

k0 (m10.74.gcat-1.s-1) 6.4X1012i087

From these calculated parameters, the rate model becomes:

94.2

]/.CO — 64 . 1012 . e_ﬁ .[CO]70453 [02 ]0.79 (10)
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Figure 54 shows a parity plot of the measured values and the data gained with the model

described by the equation (10). The model applies for the whole temperature range

investigated.
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Figure 54: Parity plot for the CO oxidation in presence of O, CO and N-.

The experiments described above revealed that the velocity of the carbon monoxide
oxidation reaction in the presence of merely carbon monoxide, oxygen and nitrogen is
proportional to the concentration of oxygen, but inversely proportional to the concentration
of carbon monoxide. This indicates reaction inhibition by carbon monoxide, most likely due

to competitive adsorption. Such a reaction behavior has been described before [122].

2.5.2 CO oxidation in the presence of H,

The intrinsic kinetics of simultaneous carbon monoxide and hydrogen oxidation is well
described by the same power-law expression [123] presented by equation (9). The data for
estimation of the parameters were obtained over the same catalyst sample (5 wt.% of Pt and

5 wt.% of Rh). The range of experimental conditions covered is listed in Table 10.
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Table 10: Range of experimental conditions during the CO oxidation over Pt-Rh/y-Al;,0; in

the presence of H>. N, is used in a balance.

Total Feed [ml/min] (STP) 100
CO [ml/min] (STP) 0.5-2.0
O/CO ratio (-) 1.0-4.0
H; [ml/min] (STP) 0-60
T (°C) 130 - 180

As it is shown on Figure 55, for the oxidation of carbon monoxide the conversion in the

presence of hydrogen is lower than without hydrogen.
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Figure 55: CO conversion achieved vs. reaction’s temperature over Pt-Rh/yAl;,O; catalyst
(60 Vol.%H,, 1.5 Vol.% CO, O/CO = 3 and N, in balance).

There are two possible reasons: competitive adsorption and reaction or removal of reactive
oxygen by hydrogen. The system of molecularly adsorbed carbon monoxide and atomically
adsorbed hydrogen co-adsorbed on metal surfaces provides mutual interactions [123]. The
difference in adsorption strength between carbon monoxide and hydrogen provides a
situation where carbon monoxide dominates the platinum metal surface, when both gases are
present. The hydrogen competition with carbon monoxide for platinum metal site is much
less favorable due to its lower adsorption strength, but its high concentration (here 60 Vol.%)

relative to carbon monoxide (<2 Vol.%) in the reformate may result in a reduced surface
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coverage of carbon monoxide [10]. It is reported that the effect of hydrogen on the carbon
monoxide oxidation rate depends on the support material and on the metal surface as well [50
and 124]. HCO- formation has already been proposed in earlier studies of interaction of
carbon monoxide and hydrogen on metal surface, e.g. on supported rhodium, ruthenium or
platinum catalysts [125 and 126], but no evidence for formaldehyde formation has been
obtained. Such a formyl-formation has been discussed as a segregated over-layer developed
on the surface. If this is extensive, its bond strength inhibits the dissociative chemisorption of
oxygen. Practically oxygen cannot be adsorbed on carbon monoxide covered platinum
anymore and hence both the carbon monoxide and hydrogen oxidation rates are low [49 and
124]. On the other hand, hydrogen may simply compete for surface oxygen and thus directly
affect total carbon monoxide conversion. The latter is supported by the reaction orders
determined.

Figure 56 — 58 show the oxidation rate as a function of oxygen, carbon monoxide and
hydrogen output concentration respectively in a mixture of hydrogen, carbon monoxide,

oxygen and nitrogen in balance.
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Figure 56: CO reaction rate vs. O, concentration over Pt-Rh/yAl;,O; catalyst (2 Vol.% CO,
60 Vol.% H>, O, and N, in balance).
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Figure 57: CO reaction rate vs. CO concentration over Pt-Rh/yAl;,O; catalyst (O/CO = 4,
60 Vol .% H,, CO and N, in balance).
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Figure 58: CO reaction rate vs. H, concentration over Pt-Rh/yAl,O; catalyst (O/CO = 4, 1.5
Vol.% CO, H, and N, in balance).

Figure 59 shows the temperature dependence of the rate in the range of 150 °C to 180 °C.
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Figure 59: Arrhenius plot of the rate constant for CO oxidation over Pt-Rh/yAl,O; catalyst
(O/CO =3, 1.5 Vol.% CO, 60 Vol.% H, and N, in balance).

The apparent activation energy from the least squares regression was 92.4 kJ/mole. The pre-

exponential factor ko was estimated near 1.4x10" ml-gca{l-s'l. Table 11 shows the kinetic

parameters along with their 95 % confidence interval.

Table 11: Confidence intervals of the kinetic parameters estimated by regression method for
CO oxidation in the presence of H; for equation (9).

o (-)
B
Q)
d ()

Ea (kJ/mole)
ko (m1®%. gcat'l'S'l)

AIC (5)

1* Model 2" Model
-0.71£0.1 -0.68+0.1
1.00+0.08 1.00+£0.08
-0.30+0.67 0
0 0
92.4+4.7 92.7+10.58

27.694

27.701

Regression analysis of the first model described by equation (11) shows the influence of the

reaction order of hydrogen on the rate of reaction.

92.4

oo =1.4- 102 .¢ RT [cor™™ [0, Jho0 A, 1%

(11)
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However, t-test in the 1* model shows that y parameter is statistically not significant and can
be ignored in the 2™ model. To test a hypothesis on whether the means of two normally
distributed populations are equal, t-test was performed. If the t value that is calculated is
below the threshold chosen for statistical significance (here 0.05) then the two models do not
differ. Additionally, AIC scores are very close and each model is equally likely to be correct.
The 2™ model is the simpler model and it should fit worse. However, the change in sum of
squares is not as large as expected from the change in number of parameters.

It is reported [118] that as long as the feed contains more than 10 Vol.% H,, as in the
reformate, the carbon monoxide conversion is not affected by the hydrogen concentration.
Therefore, the reaction order with respect to hydrogen is statistically not significant and thus,
vy can be ignored (y = 0). It is also reported, [127] that because of the large excess of
hydrogen there is no dependence on the partial concentration of hydrogen and the latter is
part of the rate constant. Thus, the rate equation of carbon monoxide preferential oxidation in

presence of hydrogen is described by equation (12).

92.7

rep =1.44-10% ¢ T .[COT** .[0,]" (12)
The negative low order in hydrogen for the carbon monoxide conversion consist an evidence

against competitive adsorption, while the increase of the reaction order for oxygen from 0.79

to 1.00 supports a relative reduction of surface oxygen as a result of the large amount of

hydrogen being present.
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Figure 60: Parity plot for the CO oxidation in presence of CO, O, H, and N..
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These values are in reasonable agreement with the data found in literature [50 and 118]. A

parity plot comparing the measured values with the model described is shown in Figure 60.

2.5.3 CO oxidation in the presence of H, and CO,

In order to determine the kinetics of preferential oxidation of carbon monoxide in realistic
reformate, reactions were performed in the presence of carbon dioxide and steam. Most
experiments took place at a constant inlet concentration of 15 Vol.% CO,. Experiments were
performed at temperatures exceeding 130 °C to avoid any condensation of steam. The range
of experimental conditions covered is listed in Table 12.

Table 12: Range of experimental conditions during the CO oxidation over Pt-Rh/y-Al,O; in
the presence of H; and CO,. N; is used in a balance.

Total Feed [ml/min] (STP) 100
CO [ml/min] (STP) 0.5-2.0
O/CO ratio (-) 1.0-4.0
H; [ml/min] (STP) 0-60
CO; [ml/min] (STP) 0-20
H,O [ml/min] (STP) 0.0-2.5
T (°C) 130-190

The combined effect of carbon dioxide and hydrogen on the rate of carbon monoxide
oxidation is shown in Figure 61.

As it is depicted the presence of carbon dioxide influences in negative way (negative
inclination) the reaction. Carbon dioxide inhibits the preferential oxidation of carbon
monoxide. The inhibition effect is strong and carbon dioxide participates in the reaction rate.
Hence the reaction order is anticipated to be negative. The reaction order with respect to
carbon monoxide seems to be different. It was determined lower as compared to the order
determined without carbon dioxide, approximately -0.64 instead of -0.68. Nevertheless, the
error of two results (with and without carbon dioxide in the feed) are different and overlap
with each other; hence, -0.64+0.22 (with carbon dioxide in the feed) and -0.68+0.1 (without
carbon dioxide in the feed), are statistically tied. This can be seen in the apparent activation

energy values; i.e. within errors, the activation energies are not widely different.
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Figure 61: CO reaction rate vs. CO, concentration over Pt-Rh/yAl;O; catalyst
(1.5 Vol.% CO, O/CO =4, 60 Vol.% H,, CO, and N, in balance).

The reaction order of carbon dioxide, 3, was found to be negative as expected, here -0.08.
From Arrhenius plot, depicted on Figure 62 and regression analysis we can extract the

activation energy 92.5 kJ/mole.
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Figure 62: Arrhenius plot of the rate constant for CO oxidation over Pt-Rh/yAl,O; catalyst
(O/CO =4, 2.0Vol.% CO, 60 Vol.% H,, 15 Vol.% CO, and N, in balance).
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The rate equation of carbon monoxide oxidation in the presence of hydrogen and carbon

dioxide takes the following form:

Ey

eo =kyre *T-[COI" [0, L) -[CO,Y (13)
From regression analysis, the pre-exponential factor ko was found near 3.46x10" ml-g., s
The confidence interval of the model predicted at 95 % and the parameters obtained are
summarized in Table 13.

Table 13: Confidence intervals of the kinetic parameters estimated by regression method for
CO oxidation in the presence of H,; and CO; for equation (13).

1**Model 2" Model

o (-) -0.64+0.22  -0.61+0.16
BC) 0.70+0.14  0.83+0.16
7() -0.03+0.71 0

o (-) -0.08+0.39 0

Ea (kJ/mole) 92.5+10.4  92.6+9.4
ko (m1* g s 3.46x10'"" 7.56x10'!
AIC () 44.004 44.083

The decrease of the reaction order with respect to oxygen is in agreement with literature
[121] and can also be explained by the adsorption of carbon dioxide on the surface of the
catalyst, which partially blocks the adsorption of all remaining reactants (here carbon
monoxide, oxygen and hydrogen) [57, 62 and 128].

However, t-test shows that y and & parameters are statistically not significant and can be
ignored in the 2™ model. AIC scores are also very close and each model is equally likely to
be correct.

Thus, the rate equation (13) takes the following form:

92.6

1o =7.56-10" ¢ *T .[COT" -[0,]"® (14)

A comparison between predicted and observed values of carbon monoxide oxidation rate is

shown in a parity plot (Figure 63).
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Figure 63: Parity plot for the CO oxidation in the presence of CO, O, H, and CO,.

2.5.4 CO oxidation in the presence of H,, CO, and steam

For the experiments the minimum catalyst temperature was kept above 120 °C so as to avoid
condensation. As shown in Figure 64, steam had a dramatic effect on carbon monoxide
conversion between the temperatures of 120 °C and 160 °C. At a temperature of 130 °C, no
reaction was observed at all and thus, conversion was 0% when no steam was present in the
feed while it reached 2% when 2.5 Vol.% H,O was added. In the temperature window from
130 °C to 160 °C the oxygen and hydrogen consumption was also negligible. However, the
effect is limited to the temperature range between 160 °C and 190 °C.

This is in good agreement with earlier studies over similar catalyst from our group [46]. For
the purpose of the present studies, the temperature range between 130 °C and 160 °C was not
further investigated and the effect of steam was not included into the kinetic experiments.
Several authors have proposed an enhancement of the carbon monoxide oxidation rate in the
presence of steam [46, 104 and 129]. The mechanism that describes the above statement

could be the dissociation of water on the noble metal surface:

H,0,, —>OH, +H +¢ (15)
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Figure 64: Effect of steam on CO conversion over Pt-Rh/yAl;O; catalyst (0.5 Vol.% CO,
O/CO =2, 60 Vol.% H,, 15 Vol.% CO,, 2.5 Vol.% H>O0 and N, in balance).

And then, carbon monoxide can be removed by oxidation,

COo,, +OH,, —»CO,+H" +¢ (16)

These reactions are also proposed also by Meng-Sheng Liao [129]. Similar observations have
been made by Manasilp and Gulari [42] who investigated carbon monoxide oxidation over a
Pt/Al,O5 catalyst and by Yan et al [48] who investigated carbon monoxide oxidation over a
Pt-Co/Al,O; catalyst. Manasilp and Gulari [42] proposed the possibility that the OH™ groups
formed on the catalyst upon steam adsorption are better oxidants than oxygen itself. An
interesting mechanism for the influence of OH™ groups on a Pt/SnOy catalyzed carbon
monoxide oxidation reaction has also been suggested by Schryer et al [130] where
modification of the Pt’ and Pt(O)y sites takes place. They proposed that OH™ groups on the
surface of a Pt/SnO, catalyst (which are regarded as being a significant constituent of tin
oxide surfaces) participate in the oxidation of carbon monoxide chemisorbed on adjacent
platinum sites. Upon increasing the temperature, the rate of carbon monoxide desorption
increases, and thus, the number of catalyst sites for oxygen adsorption, is increased. Carbon

monoxide oxidation activity therefore increases [36 and 49].
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2.5.5 Comparison with literature values

The reaction orders determined in this study are summarized in Table 14 and compared with

the respective values for several other platinum or rhodium catalysts.

Table 14: Comparison between literature data for CO oxidation rate. Indexes e, f, ¢ and d
denote respectively Pt/y-Al;,03, Rh(111), Rh/SiO,, Pt/SiO..

Reference Reaction T-range a0 5O O Ea
Conditions ©O) (kJ/mole)
[131]° without H, <200 -1.5 -1.0 101
[131]° 0—1% Vol. H, <200 -0.7 0.7 -0.2 83
[132]° without H, <170 0to-0.6 1.0 80
[133]° without H, >280 -0.6 1.0 125
[134]° without H, >230 -0.9 1.0 138
[135]F without H, ~220 -1.0 1.0 106
[136]° without H, >200 -0.8 0.9 103
[136] without H, >180 -0.2 0.9 56
[59]° 50% Vol. H, 150 —-350 -0.5 0.8 78
[75]° 75% Vol. H, 150 —250 -0.4 0.8 71
This study without H, 130-180  -0.53 0.79 94.2
This study  60% Vol.H, 130-180  -0.68 1.00 0.0 92.7
60% Vol. H,
This study 130-180  -0.61 0.83 0.0 92.6

20% Vol. CO,

2.5.6 H, oxidation

The hydrogen oxidation in the presence of carbon monoxide (or carbon dioxide) was difficult
to be determined because of the phenomena taking place on the surface of the catalyst
(mentioned in chapter 2.5.3). In the absence of carbon monoxide, hydrogen oxidation over
the platinum surface is instantaneous, even at room temperature, and difficult to be controlled
[118]. However, with carbon monoxide in the feed mixture, carbon monoxide covers the
metal surface and inhibits the hydrogen oxidation. In an adsorption study of carbon
monoxide on a platinum catalyst [118], the full coverage of carbon monoxide was observed

at temperatures below 180 °C [36]. Despite this inhibition, the reaction rates of hydrogen
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were extremely high. On the contrary, hydrogen conversion was low and in particular in the
presence of carbon dioxide not possible to be measured accurately with the equipment used.
Additionally, because of the large amount of hydrogen being present, as it is typical under
the preferential carbon monoxide oxidation conditions, the hydrogen concentration

throughout the reactor does not vary significantly.

E,
I, = ko e T [H,TT[0,]-[COY (17)
The Arrhenius plot shown in Figure 65 and regression analysis provides the activation energy
of 12.73 kJ/mole and the pre-exponential factor of 3054 ml'**-g.'-s™! respectively.
Following regression analysis method for equation (17), we obtained the regression
parameters. Confidence interval was 95 % and the results are shown in Table 15.

Table 15: Confidence intervals of the kinetic parameters estimated by regression method for
H, oxidation in the presence of CO for equation (17).

7 (-) -0.26+0.18
v () 0.09+£0.04
K () -0.06+0.05
E4 (kJ/mole) 12.73+2.84
ko (mI'P-ge s 30554625
AIC (-) 273.65

The model proposed to describe the hydrogen oxidation in the presence of carbon monoxide
is similar to the model describes carbon monoxide oxidation in the presence of hydrogen in
equation (13) [Chapter 2.5.2].

Thus, the final form of the model for the oxidation of hydrogen is:

12.73

Ty, = 3055 ¢ RT -[H2 ]—026 .[02 ]0.09 .[CO]—O.Oé (18)

The results arising from the model presented by equation (18) are in reasonable agreement
with the data obtained from experiments and with data found in literature [137].

The parity plot is presented in Figure 66. The deviation at higher temperatures of the reaction
rate observed from the model is not surprising. At the higher end of temperatures (beyond
170 °C), carbon monoxide begins to desorb from the catalyst surface resulting in partial
coverage of the surface by carbon monoxide, thus allowing the oxidation of hydrogen to

proceed at a faster rate [36].
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Figure 65: Arrhenius plot of the rate constant for H oxidation over Pt-Rh/yAl,O; catalyst
(O/CO =4, 1.5 Vol.% CO, 40 Vol.% H,, 15 Vol.% CO, and N, in balance).

It is also clear that the rate of hydrogen oxidation is around 5 to 10 times higher than that of

the carbon monoxide oxidation.
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Figure 66: Parity plot for the H oxidation in the presence of CO, O,, and CO..
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EXPERIMENTAL PART

3.1 Synthesis of catalysts

3.1.1 Gold catalysts

Active gold catalysts could be prepared using different methods. Coprecipitation,
impregnation and deposition-precipitation are the most commonly used and they often result
in quite different catalysts. Typically, coprecipitation or deposition-precipitation methods are
more desirable than impregnation, especially when chloroauric acid is used as the precursor.
Various synthesis parameters have been studied, which include mainly pH, calcination
temperature and binding solution. Some of these studies have helped elucidate the underlying
chemistry that causes variation in the properties of the final catalyst [138 — 142].

One of the better understood variables is pH in the coprecipitation procedure. In such a
preparation method, HAuCl4-3H,O is used as the metal gold precursor. The chloroauric anion
hydrolyzes in solution to form Au(OH)\Cls". The extent of hydrolysis depends on the pH,
gold and chlorine concentrations. The aqueous mixture of HAuCly and a nitrate solution of
the corresponding metal oxide (Co304, TiO,, NiO, Fe;04 CeO,) support were poured drop
wise into an aqueous stirred mixture of Na,CO3, which was used as a buffer solution to retain
the pH at a constant value. In case where the influence of pH was examined, it was necessary
to vary the pH from low or high values to the final pH value of 7 where the solvate
precipitates. It has been found that preparation at a pH ranging from 7 to 8 was preferable
depending on the oxide support [107]. At this pH, the value of x was close to 3. At lower
pH’s there is less hydrolysis of the gold-chlorine bond. Furthermore, at pH’s below the

isoelectric point of the support, the surface is dominated by positively charged gold species.
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This results in not only a larger gold loading, but also a high concentration of chloride on the
surface. The presence of chloride increases the mobility of gold on the support, leading to
large gold particles. At pH’s above the isoelectric point of the oxide, adsorption of the
negatively charged Au(OH)(Cls.x complex decreases rapidly, resulting in a lower gold
loading. However, there will also be less chloride at the catalyst surface and thus small
particles can be formed. Therefore, there was a narrow range of pH where sufficient gold can
be deposited onto the support with minimal chloride in the gold complex [143].

In addition to Au(OH)4Cl4.x, chloride ions are adsorbed at the oxide. The amount of chloride
adsorbed decreased rapidly as the isoelectric point is approached, when the oxide surface is
no longer positively charged. The adsorbed chloride causes agglomeration of gold particles
during calcination, such that the average gold particle size is larger in the samples.

To remove any stump of chlorine ions, the suspension was filtered and washed thoroughly
with demineralized water at 80 °C. To examine the presence of ions, drops of AgNO; were
used as a test. The elimination of the ions was verified by the EDX-analysis, where no
chloride-peaks were identified. The coprecipitate was then dried under vacuum over night
and finally calcined in air at temperatures between 300 °C and 600 °C (heating rate 5
°C/min) for 4 h [144 — 147]. The gold content in the catalyst obtained was 1 — 5 wt.% and the
mean particle diameter of gold was below 5 nm.

The binder, here polyvinyl alcohol, was dissolved in water in a beaker by stirring smoothly
with a laboratory magnetic stir bar at 60 °C for 2 h and left without stirring overnight at room
temperature [148]. The catalyst-powder was then added successively under stirring at room
temperature. This mixture was then stirred at 65 °C for 2 h, cooled to room temperature and
kept overnight under stirring. In order to remove air bubbles entrapped in the viscous
mixture, a sufficient period of the self-release of the bubbles was necessary, typically ranging
from 3 days to 2 weeks. The channels were then filled with the suspension and any excess on
the top of the channel walls was wiped off.

The physical properties of the catalysts prepared are shown in Table 16.

Table 16: Physical properties of Au/Me.O, catalysts.

Overall Au loading (wt.%) 1-5
Median pore diameter (nm) 4 —-46
BET specific surface area (m’/g) 10-179

Overall catalyst mass per sample (mg) ~9
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3.1.2 Zeolite catalysts

One of the important issues in catalytic microreactors is the proper incorporation of the active
catalyst within the microchannel. Typically, catalyst deposition over microreactors uses thin
film techniques that are limited to metals and oxides. Growing a zeolite layer over a stainless
steel microreactor is not trivial and few reports exist in the literature related to this subject
[149].

In the work presented elsewhere [149], the synthesis conditions were optimized by studying
different gel compositions and temperatures over stainless steel plates for the synthesis of a
single layer ZSM-5 coating. However, the attempt to use the same recipes in the
microchannels failed. It was not possible to selectively grow a coating on the microchannels.
Rebrov et al. also observed that the thickness of the zeolite layer on the bottom of the
microchannel was appreciable smaller [149].

In this work several syntheses of zeolite ZSM-5, Y and mordenite have been carried out on
microreactors. The main procedure to make the synthesis was by means of a hydrothermal
treatment of a Teflon lined autoclave.

The growth-method that was applied for the synthesis of zeolites (ZSM-5 with a silica to
alumina ratio of 35 or 100, mordenite and zeolite-Y) over the microreactors consisted of two
steps: i- hydrothermal treatment between 150 °C and 170 °C under pressure in an autoclave
(Figure 67) and ii- a seeding step of the microchannels.

Zeolites were synthesized by mixing the raw materials to provide a “gel” that may be aged

for a period (24 h at 25 °C) before reacting to provide the crystalline zeolite.

Figure 67: Autoclave for zeolite synthesis.
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Two different gel compositions have been prepared for the hydrothermal synthesis of the
ZSM-5 layers over the microreactors, with a molar composition of a tetrapropylammonium
hydroxide complex H,0:Si0,:NaOH:TPAOH:Al,0; = 987-X:21:3:1:0.105, where X could
be 1 or 2 for gel A or gel B respectively (tetrapropylammonium bromide, TPABr in case of
ZSM-5/100 and TPAOH, in case of ZSM-5/35). The source of aluminium was sodium
aluminate (Na,Al,O4) and for SiO, was Ludox AS-40. The TPAOH/TPABris addedina 1 M
water solution.

Si and Al were the framework components. These components impact on the framework
composition and on the properties of the material. A “mineralisation” component is essential
in zeolite synthesis. This is usually a base. The base was added via an alkali metal, here
NaOH and it can provide interesting changes in crystal size and morphology. TPAOH and
TPABTr are usually thought of as structure directing agents but they also play crucial roles in
structure stabilisation.

The dominant component, by weight, was water. The use of water as the solvent in zeolite
synthesis is widespread. For all the syntheses de-mineralised water was used to avoid the
complicating effect of ions.

By this procedure, zeolite seeds were also produced. Since the seeds were added at 5 wt.% of
the framework components (SiO, and Al,O3), the source of the seeds was actually from a
synthesis carried out in a previous hydrothermal treatment. This colloidal suspension of
silicalite seeds was prepared in order to seed beforehand the plates and have preferential
growth layer. Additionally, the overall crystallisation time was reduced. The plates were
seeded using a micro syringe.

By the hydrothermal treatment, two plates were introduced simultaneously in the autoclave, by
stacking them together using teflon-tape. The “channel” side of both microreactors (Figure 68)
was facing the gel. Samples were synthesised at 150 °C for gel A and 170 °C for gel B.

After the synthesis the supports were submitted to a calcination treatment at 480 °C for 8 h in
order to eliminate the template out of the zeolite pores.

A solution used for the Y-type zeolite synthesis was prepared by mixing water glass, NaAlO,
and NaOH. The mole ratio of the initial composition of the solution was
H,0:510,:Na,0:Al,03 = 975:12.8:17:1. This solution was stirred for 4 h at room temperature
prior to the hydrothermal synthesis. Then the microreactor was placed into a tubular
autoclave, which was filled with the synthesis solution. This tubular autoclave was then
horizontally positioned in an oven, and maintained at 90 °C for 24 h. After the synthesis, the

microreactor was washed using deionised water and dried for 12 h at room temperature.
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For the preparation of mordenite, the synthesis solution consisted of H,0:S10,:Na,0:Al,03,
with a molar composition 80:1:0.38:0.025. Once prepared, the mordenite were subjected to
post-synthetic treatment by vertical immersion in the autoclave containing an alkaline
solution of pH = 10 at 180 °C for 24 h [150].

The ZSM-5, mordenite and Y-type zeolites were ion-exchanged with an aqueous
[Pt(NH3)4](NOs3), solution of 2.5 M by two different methods [151 and 152]. By the first
method, the microreactor was impregnated with the solution for 24 h at room temperature.
By the second method, the duration of the impregnation was reduced to 4 h but at elevated
temperature of 80 °C. After this treatment, the reactor was washed with deionised water, and
dried at room temperature overnight. The ion-exchanged zeolite was calcined in air at 250 °C
for 3 h, and then reduced in a flow of hydrogen at 250 °C for 3 h. This method was used also
by Hasegawa et. al. to obtain a platinum-loaded Y-type zeolite [61].

3.1.3 Other noble metal catalysts

A. Pt-Rh/y-AL O3 (4.8 wt.% Pt, 4.8 wt.% Rh)

In order to increase the surface area, a coating of a highly porous material, usually alumina,
is applied. This procedure is known as washcoat. The coating of the plates was performed at
the Institute fiir Mikrotechik by Dr. R. Zapf, by initially applying a washcoat of a commercial
Pt/y-Al,O5 catalyst (Degussa) onto the entire length of the etched stainless steel channels. A
10 wt.% suspension was prepared from Pt/y-Al,O3 and deionised water. The suspensions also
contained 5 wt.% polyvinyl alcohol (Fluka) and 0.7 wt.% acetic acid. The channels were then
filled with the suspension and any excess on the top of the channel walls was wiped off. The
washcoated plates were then calcined for 6 h at a temperature of 450 °C. Then 20 pl of a
9 wt.% solution of Rh(NO3); was used to impregnate the Rh into the washcoat. After drying
the impregnated plates were calcined for 6 h at 450 °C again.

The average thickness of each washcoat was about 25 um The catalyst coated plates were
incorporated into the microstructured reactor and were mildly reduced under a flow of
55 Vol.% H; in nitrogen at 500 ml/min (STP) while initially being heated at a ramp rate of
3 °C/min from room temperature to 130 °C. This temperature was then kept stable for 1 hour.
The reactor was afterwards purged with nitrogen while cooling down. Mild reduction
conditions were chosen in order to avoid further loss of OH groups, due to high
temperatures, since these groups are expected to play a role in the activity of the catalysts

[153]. The physical properties of the catalyst prepared are shown in Table 17.
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Table 17: Physical properties of Pt-Rh/y-Al,0; developed at the Institute fiir Mikrotechik.
Overall metal loading (wt.%) 9.6

Median pore diameter (nm) 17
BET specific surface area (m2/g) 223
Overall catalyst mass (mg) 8.97

Median particle diameter (nm) 1.4

The surface area and maximum pore diameter of the fresh catalysts were determined through
BET measurements and BJH method respectively (nitrogen adsorption). Hydrogen
chemisorption was used to qualitatively determine the mean particle size. A more detailed

description of catalyst preparation and characterization is described elsewhere [46].

B. Pto_sAlan7C091,5Ox

The catalyst was prepared by M. Kriamer according to the following procedure. In a 250 ml
glass flask 940.4 mg (4,586 mmole) Co(Il)-propionate and 67.4 mg (0.335 mmole) Mn(II)-
propionate have been stirred with 3.7 ml (50 mmole) propionic acid under heating to 150 °C
until a clear solution was obtained. At 150 °C 500 ul of a 0.1 M solution of
Al(C,HsCH(CHj3)O); in 2-propanol and 250 pL of a 0.1 M solution of Pt(NH3)4(NOs), in
purified water have been added. After about 50% of the propionic acid has been evaporated,
the remaining hot solution was poured into a Petri-dish and allowed to cool. After 2 days in
the hood a dark-red solid was obtained, which was heated with 1 °C/min to 300 °C and
calcined at this temperature for 5 h.

The physical properties of the catalyst prepared are shown in Table 18.

Table 18: Physical properties of Pty sAl;Mn;Cog; 5O, catalyst synthesized at the University of

Saarbriicken.
Overall metal loading (wt.%) 0.5
Max pore diameter (nm) 4
BET specific surface area (m*/g) 66
Overall catalyst mass (mg) 15.35
Median pore diameter (nm) 12.8

A more detailed description of catalyst preparation and characterization is described

elsewhere [65].
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3.2 Temperature programmed reduction analysis

Temperature programmed reduction (TPR) experiments were carried out using a Power
Supply model 40-102 GO- MAC Instrument.

The TPR apparatus consisted of a flow measuring and switching system, heated by a
programmable furnace quartz tube in which the catalyst was placed along with the analysis
system. The flow system was composed of high precision rota-meters and needle valves, 3-,
4- and 6-way valves and switching valves. The TPR cell was a quartz tube of 0.6 cm
diameter and 25 cm length. A section at the centre of the tube was expanded to 2.4 cm
diameter, in which the catalyst sample, approximately 0.1 g, was placed. A 1/16"
thermocouple positioned at the center of the cell was used to determine the temperature at the
catalyst bed. The TPR cell was placed in a cylindrical furnace of 3 cm diameter which was
controlled by a linear temperature programmer (Omega, CN20I0O). Prior to any experiments
it was determined that the TPR cell or the tubing were not active in the adsorption and did
not contribute to the mass spectrometer signal. It was also flushed with nitrogen at room
temperature for 0.5 h before reduction. The procedure for each experiment was the following.
The catalyst was placed in the TPR cell, supported by quartz wool. The cell was first cooled
under argon flow. The argon flow was then switched to hydrogen-argon flow. Hydrogen
concentration in this stream was kept constant at 5 Vol.% and the catalyst is submitted to a
programmed temperature ramp of 5 °C/min from room temperature to 800 °C. Temperature
programming was then initiated and the TPR profiles were obtained. After 15 min, the flow
was switched to argon and the pipes were purged for 3 min. This procedure was found to
give reproducible TPR results.

The effluent stream was passed through a molecular sieve trap in order to remove the water
formed during reduction. The hydrogen concentration in the effluent was measured using a
thermal conductivity detector. The detector output was calibrated using the reduction of bulk
WO; powder (Aldrich, 99.99%). The detector was connected to a personal computer for

instrument control, data acquisition and analysis.
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3.3 Experimental Setup

3.3.1 Microreactor as integral reactor

Two different types of reactors were used for these experiments. In both cases the reactors
were operated in an integral mode during catalyst performance experiments to examine the
effects of temperature, O/CO ratio, water, space velocity and catalyst preparation method on
catalyst activity and selectivity. The reaction temperature was considered to be the
temperature measured at the gas exit side by using a thermocouple 0.5 mm diameter.

The first reactor depicted in Figure 68, consisted of parallel channels with common inlet and
outlet. The left-side is the inlet-section of the reactor, where the dot played the role of a
mechanical support and flow barrier. The test reactors applied have a sandwich design with
two micro-structured platelets being attached face to face. The platelets carried 14 channels
each, which were 25 mm long, 500 um wide and 250 pm deep. The channels together with
the inlet and outlet region were prepared by wet chemical etching. Each couple of platelets
was coated with the catalyst and subsequently sealed by laser welding. The amount of
catalyst coated was approximately 9 mg. Inlet and outlet tubes were attached to the reactors
by laser welding too. The welding procedure did not affect the catalyst performance as

described elsewhere [154].

Figure 68: Microreactors for single test.

To heat up the reactor a heating cartridge of 200 W power was inserted into the borehole of a
metal block. The temperature of the reactor was measured between the heating cartridge and

the reactor. The heating block was insulated and therefore isothermal operation of the reactor
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was assumed.

The second reactor depicted in Figure 69, offered the possibility of evaluating five different
catalysts at the same time (primary screening). By using a Multi Position Valve one of the
five outlet streams was collected and directed to the gas chromatograph which performed a

complete analysis in less than 2 minutes.

Figure 69: Five fold screening reactor, Institut fiir Mikrotechnik, Mainz, 2005.

As it is depicted in Figure 70 the reactor consisted of the front-plate, as inlet @, the main

reactor @, where the reactor-plates (Figure 71) were placed and the exit part ©.

Figure 70: Drawing of the five fold reactor.

There were 12 channels in these plates with a cross sectional profile. The microchannels

were 500 um wide, 300 pm deep and 50 mm long.
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Figure 71: Microreactors for screening tests.

The inlet part of the reactor, depicted in Figure 72, had the form of a pyramid @. Graphite

seals were incorporated to achieve leak tightness @.

Figure 72: Front-side of the screening reactor.

The sketch presented in Figure 73 shows the position of the five plates inside the main
reactor body @. The plates were inserted by the use of drawers ®@. To avoid leakages,
sealing-frames were put @ between the drawers and the main housing. The five drawers are
covered by a top plate. In addition two screws @ compressed the drawers from the top
achieving satisfactory sealing between the plates and no cross-talking between the plates.

In order to check if fluidic cross-talk exists, the five microreactors were coated with five
different catalysts. The active catalysts were positioned on the bottom (1* row), in the middle

(3rd row) and on top (Sth row) of the reactor core, next to the less active catalysts (2nd and 4"
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row). The result was that the three active reactors did not influence the two neighboring less
active reactors. Thus, cross-talk was not observed.

The heating of the reactors was performed by 4 heating cartridges @ of 150 W power each at
both sides of the drawers. To control their temperature, they were equipped with integrated
thermocouples. Parallel to the reactor-plates there were also 3 thermocouples for

temperature-measurement @.

Figure 73: Drawing of the five fold reactor (detailed view).

To test leak tightness and pressure stability of the screening-reactor a leakage-test was
performed, both at room temperature and at 120 °C, at 7 bar pressure.
Table 19 provides the results for both sealing-materials, which were excellent, since no

significant pressure drop was observed.

Table 19: Pressure at various temperatures and for different sealing materials.

Temperature (°C) Pressure loss (%/hour)

Graphite Viton
23 1.92 0
120 2.01 0.30

Furthermore, to scrutinize the temperature profile, the reactor was heated up to various

temperatures. With an infrared camera the temperature distribution of the reactor was
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mapped (Figure 74). At low temperatures a homogeneous distribution of the temperature was

formed, where at higher temperatures, above 100 °C some oscillations were observed.
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Figure 74: Temperature distribution of the screening reactor (from up-left to down-right).

In particular, at positions where the heating cartridges were plugged, no profile was
indicated. The observed deviations at higher temperatures could be caused by a variable
nature of surface. In both reactors, tests were carried out under atmospheric pressure and a

total flowrate of 27 ml/min (STP) over each platelet which corresponds to a weight hourly




3. Experimental part 95

space velocity (WHSV) of 180 dm’*h™-g., " for each microreactor. WHSV was here defined
as the ratio of the volumetric flowrate of the feed stream at STP to the weight of the catalyst
coated onto the channels.

Gas flows were regulated by Bronkhorst mass flow controllers. A premixed gas mixture
consisting only of hydrogen, carbon dioxide and carbon monoxide was obtained from Linde
AG gas (class 1). The dry feed simulating the reformate stream was composed of 72 Vol.%
H,, 21 Vol.% CO,, 1.27 Vol.% CO, 0.6 — 4.8 Vol.% O, (depending on O/CO ratio), balance
Na. The ratio of nitrogen to oxygen at the feed was approximately that of air as would be the
real case in a fuel processor. It was only varied when carrying out experiments with different
O/CO ratios.

All feeds were heated before entering the microstructured device while pure nitrogen was
used in all cases to simulate the cooling stream coming from the fuel cell side. Product gases
flowed through a heated line before entering the gas chromatograph in order to avoid any

water condensation.

3.3.2 Determination of the residence time distribution

To find the exit age distribution curve, E(t), for the recycle reactor, pulse (marker)
experiments were performed. Such marker experiments, like the stimulus-response
experiment, provide the age distribution of the molecules in a flow.

The marker must fulfil certain requirements: It must not affect the bulk flow of the process, it
must mix perfectly with the bulk flow and it must be detectable. Carbon dioxide fulfilled all
3 requirements and was therefore selected.

The residence time distribution (RTD) was determined experimentally by injecting a 9 pl
volume, by means of a valve actuator described in section 3.3.3, of the inert chemical tracer
into the reactor. The reactor was that depicted in Figure 68 without any catalyst on each
surface to avoid adsorption of carbon dioxide inside the catalyst’s pores. Great care was
taken of synchronizing the pulse input with the initiation of data accumulation with an
infrared sensor for RTD analysis. The valve actuator and the sensor were connected before
and after the reactor respectively with a stainless steel pipe. Main consideration was to install
a short as possible pipe to reduce dead volume which causes delay. For all of these
experiments data were taken at 1 s intervals. The RTD was obtained from these data by

normalization.
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3.3.3 Valve actuator

To ensure that a specific quantity of tracer was entering the reactor, a valve actuator
(GILSON Valvemate Rheodyne 7010) was applied for the determination of the RTD.

It consisted of a conventional six-port sample valve, which was used to inject the tracer into
the continuous flow passing through the reactor.

The tracer-quantity (sample loop volume) used in RTD experiments amounted to 9 pl.

3.3.4 TCOD [R-Sensor

Carbon dioxide was selected as suitable tracer. For measuring the tracer concentration, a
carbon dioxide IR-Sensor (Winter GmbH Gas-Warnanlagen, Transducer TCOD-IR-5, Item
Nr. 85785) connected with a data logger (Testo 125) for online analysis was used. Standard
measuring range of the sensor was 0 — 5 Vol. % and the dead volume of the device was 0.5
ml. Response time was below 1 sec and the signal output between 4 mA and 20 mA on a

logarithmic scale.

3.3.5 Pump

A cross-sectional view of the pump, (Metal Bellows, Senior Operations, INC. MB-HT 21
H.T. P/N 40075/27508) is shown in Figure 75. For metal bellow pumps welded metal
bellows technology is used. This allows for unique features that are not available with
conventional pumps or compressors. The pump was temperature-resistant up to 220 °C and

suitable in cases where toxic, radioactive or explosive gases (here hydrogen) are processed.
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Figure 75: Metal bellows pump.
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The central component of this pump is a welded diaphragm metal bellow, constructed from
stainless steel. Because all the wetted surfaces are made of stainless steel and there are no
wearing surfaces, these units are suitable for use in extreme environments where zero
leakage, high reliability, and long life are required. The pump was heated by a heating cable

to a temperature similar to that of the reactor.

3.3.6 Gas chromatograph

For the determination of the reaction rates, the product composition was monitored by online
gas chromatography (Varian CP-4900 Micro-GC). It consisted of four different channels
each with a separate thermal conductivity detector (TCD) and oven. Channel 1 had a 10 m
long Molsieve column which could separate oxygen, nitrogen and carbon monoxide, channel
2 had a similar column to separate hydrogen and methane, channel 3 had a Porapak U
column to separate carbon dioxide, water and HC-species up to butane. Channel 4 was not
used. All channels used helium as carrier gas, which has a high thermal conductivity, with
the exception of channel 2, which used nitrogen as carrier gas. The column pressure was in
all cases 150 kPa. Each analysis lasted for 1 min, while it was possible to have an analysis

cycle of ca. 1.5 min.

3.3.7 Microreactor as recycle reactor

The recycle reactor system had several advantages. Perfect mixing was achieved and
negligible mass transfer was established, by external recycling of the gaseous phase with
recycle ratios R (R = Fr/Fj,) greater than 25 [155 and 156].

Recirculation was succeeding by the recycle pump as depicted in Figure 76.

Feed (Fin)
Cao

\\

Catalyst

Recycle (Fx) Pump
CAr

Figure 76: Process diagram of a recycle reactor.
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The rotation speed of the recycle pump was controlled by an Opto 22TM control system.
Flow rate was obtained by the careful and repeated calibration of the pump speed. This
calibration was performed before each experiment to assure measurement accuracy.

The setup applied for the kinetic studies is depicted in Figure 77. The reactor presented in
Figure 68 was used to determine the kinetic parameters. The test-bench consisted of a
number of thermal mass flow controllers (BRONKHORST), which ensured a steady flow of
gases. The feed gases were mixed in the tubing upstream the reactor by turbulent flow.

1. Flow controllers

2. Reactor inlet

- 3. Reactor (Figure 68)

4. Temperature controller

S. Bypass

6. To gas analysis equipment (GC)

7. Recycle pump

Figure 77: Experimental setup for the determination of kinetics.

Tests were carried out at a pressure of 1.3 bar. For experiments carried out without carbon
dioxide and hydrogen in the reaction mixture, the feed was composed only of 0.5 —
2.0 Vol.% CO, O; (depending on O/CO ratio), and N in balance. For experiments carried out
with hydrogen in the reaction mixture, the feed was composed of 0 — 60 Vol.% H,, 0.5 —
2.0 Vol.% CO, O; (depending on O/CO ratio), and N, in balance. Finally, the feed simulating
the reformate stream in the presence of carbon dioxide and hydrogen was composed of 0 —

60 Vol.% H;, 0 — 20 Vol.% CO,, 0.5 — 2.0 Vol.% CO, O, (depending on O/CO ratio), and N,
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in balance. The ratio of nitrogen to oxygen in the feed was approximately that of air as it
would be the case of a fuel processor. It was only varied when carrying out experiments with
different O/CO ratios (A ratio). The O/CO ratio was kept below 4. However, these differences
were considered not to have any influence on the results. All feed components were
preheated before entering the microstructured device.

When steam was added to the feed, bi-distillated water was fed from tanks to a micro-
structured electrically heated evaporator at 150 °C. To avoid condensation and minimize
adsorption at the steel surface, all tubings and valves, including the pump, were heated to
temperatures exceeding 120 °C.

The reactor was operated as a continuous stirred tank reactor (CSTR) also during
experiments to examine the effects of temperature, O/CO ratio, and concentration of
hydrogen, carbon dioxide and water on the reaction rate.

The Pt-Rh/Al,O3 catalyst used was prepared according to the procedure described in 3.1.3.
The total mass of catalyst amounted to 8.97 mg Pt-Rh/Al,O3 catalyst which was washcoated
onto the plates. Both method and catalyst were developed by IMM. The catalyst sample had
passed a 1,000 h stability test [19] prior to the experiments described here and thus a stable
performance was expected. In addition, to ensure that during the experiments no catalyst-
deactivation occurred, activity-tests of the catalyst were performed after each set of
experiments by simply isolating the reactor from the recycle-loop using two valves installed,
which are shown in Figure 76.

To generate the recycle flow, a bellow-pump (see below) was used. The pump could achieve
flow rates up to 4000 ml/min (STP) at a net feed flow rate of 100 Nml/min (STP). This
corresponded to a recycle ratio of 40. A recycle ratio near 35 was chosen which was proven
to be sufficient by residence time experiments to simulate an ideal CSTR [93]. The high
recycle rates applied also excluded mass transfer limitations, which additionally was verified
by the following estimations:

The extent of reaction per pass through the catalyst was very small; consequently isothermal
conditions were established. The feed flow rate of 3,500 Nml/min was very high and
corresponded to a WHSV of [=3.5:60/0.00897] = 25,059 NI/(h-gcatatyst). To achieve stable and
full conversion of carbon monoxide, the catalyst applied had to be operated at a WHSV [~
0.03-60/0.00897] ~ 215 NIl/(h-gcatlyst) in fuel processing applications. Thus, by applying a

recycle ratio of 35, the conversion achieved did not exceeded 15%.
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3.4 Calculations

3.4.1 Material balance of a CSTR

The recycle loop of the setup had a defined volume V (cm®) through which the fluid flow Fg
(cm’/s) is passed. The tracer introduced into the fluid entering the reactor, and the
concentration of tracer leaving the reactor was recorded. The material balance of a CSTR is
defined as follows:

dC(t)
dt

4 = (G -C@) (19)

Dividing both sides with Fr and applying Laplace transformation the equation becomes:

G(s) = = (20)

V/Fgr is the residence time t. The inverse transformation gives the time-domain response

(residence time distribution):

t

e TCsTR (2 1)

8cstr ()=

2-CSTR
Applying the same for a plug flow reactor we get:
Errr() =1 =Tppp (22)
For a system consisting of a series operation of a PFR and CSTR the overall transform
equation derives by multiplying the individual transfer function and applying the inverse

Laplace transformation on the result [87]:

_(Epmr=1)
E)==%erm) o oo (23)

Testr

3.4.2 CO conversion and selectivity

The conversion and the selectivity of carbon monoxide were defined as follows:

[CO]initial - [CO]ﬁnal

CO conversion = (24)
[CO]initial
And selectivity
col, —[CO]. .
Selectivity = 0.5 x [COY s 7L €O (25)

[02 ]initial - [02 ]ﬁnal
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The O/CO ratio, called A, is defined as:

L _210,]

o (26)

3.4.3 Mechanism of preferential oxidation reaction

In the preferential oxidation of carbon monoxide, water is also formed among to the presence
of hydrogen. The overall reaction in the carbon monoxide oxidation process includes the
equations (27), (28) and (29). On precious metal surfaces (e.g. platinum) the carbon
monoxide oxidation reaction is generally believed to follow a Langmuir-Hinshelwood

mechanism of the following type:

CO,, 2CO, (27)

O2(g) = 2O(ads) (28)

(rds) fast
CO( ads) + O( ads) CO2(ads) COZ (g)

(29)
As carbon dioxide is comparatively weakly-bound to the surface, the desorption of this
product is relatively fast and in many circumstances is the surface reaction between the two
adsorbed species the rate determining step (rds) [157].

If the two adsorbed molecules are mobile on the surface, the rate of the reaction will be
determined by the following rate expression for the bimolecular surface combinations step:
r=k-6,-6, (30)
In case carbon monoxide adsorbed as molecule and oxygen adsorbed dissociatively, are
competing for the same adsorption sites then the relevant expressions are [91]:

bCOPCO

8. = 31
O by By + oo B, S

and 6, = Voo (32)
® 14byyPry+.[by P,

where b is a function of temperature and contains an exponential term of the form e

E,/RT

Substituting these into the rate expression (30) gives [91]:

k- beoFeo \/boz Po2 . (33)
(14 oo + b0, B, )

Assuming that carbon monoxide is much more strongly bound to the surface such that

bcoPco » 1 + bo.Pos
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and thus equation (30) simplifies to give [91]:

rmz@e%?ﬁvr{qf (34)
This leaves only the partial concentration of carbon monoxide and oxygen in the reaction
term.

However, the carbon monoxide oxidation reaction is frequently applied for the purification of
reformer off-gas dedicated for PEM fuel cell supply and owing to the very limited carbon
monoxide tolerance of low temperature PEM fuel cell catalysts [19]. In case steam reforming
is applied, the reformate contains not only carbon monoxide but also hydrogen, carbon
dioxide and steam. Therefore not only the kinetics of carbon monoxide oxidation was under
investigation in the current work but also the effect of these reactants. Thus, we may assume

the rate of the carbon monoxide oxidation as [122]:

Ey

Tco :ko'eiﬁ'[co]a '[Oz]ﬁ'[Hz]y '[Coz](S (35)

3.4.4 Akaike’s Information Criterion (AIC)

When fitting experimental data with regression, the main objective is to discriminate between
different models or to test whether the data are more consistent with one possible mechanism
relative to another.

A statistic method for comparing models is Akaike’s Information Criterion, abbreviated AIC.
Accepting the assumption of regression, the AIC is defined by the equation (36):
AIC:N-ln(§j+2-K (36)

N

where N is the number of data points, K is the number of parameters fit by the regression
plus one and SS is the sum of square of the vertical distances of the points from the curve.

The model with the lower AIC score is the model more likely to be correct.

3.4.5 Arrhenius equation

For a reaction of the form:
A+B<=Y+Z

the temperature dependence of the equilibrium constant:

dinK. AU’
dT R-T?

(37)
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AU’ standard internal energy change of the reaction.
K¢ equilibrium constant.

Knowing that the following relationships are true:

AU’ =E; —E.; and Kc = ki/k

The equation (37) can be rearranged to:

1

k.,

dln(kj_EI—E_ljdlnkl_dlnk_l_ E  E,

= = — 38
dT R-T? dT dT R-T* R-T? (%)

And thus,

k= Al-e'E/RT and k| = A.l-e'E’/RT.

The Arrhenius equation can also be written as:

In(k) = In(A) — E/RT. A plot of In(k) vs. 1/T yields a straight line with slope —E/R and slope

InA. Figure 78 shows a plot of an Arrhenius Equation.

In A
\ : slopez—E—
/ R
Ink

LT

Figure 78: Plot of Arrhenius equation.

If we consider a simple reaction such as the one describe above, a collision between two
molecules initiates the reaction and yields products. The vast majority of collisions are
ineffective. The molecules have to be oriented in the correct way when they collide. Simple
gas phase reaction will not occur unless the molecules are oriented in a “proper” way.
Molecules are held together with strong chemical bonds. In order to break these bonds, the
colliding molecules need to have a large amount of kinetic energy from the collision. If they
do not have enough energy, the reaction will not occur.

Reactions with large activation energies are slower at given temperature than reactions with
small activation energies. As temperature increases, the rate of the reaction increases as well.

-E/RT

The fraction of collisions with an energy greater than E is represented by e (Bolztmann

principle). Arrhenius then concluded that the rate constant can be related to that fraction.
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SUMMARY AND PERSPECTIVES

It seems that zeolites have remarkable prospects as catalysts for the preferential oxidation of
carbon monoxide. Because of their high sensitivity in the synthesis procedure, a further
investigation and optimization is required.

Calcination temperature and heating rate play an important role for the activity of the
catalyst. Low heating rates near 0.2 °C/min are essential, since at higher rates unstable
zeolite-structures may be formed. The calcination must be performed under continuous flow
in order to secure the complete water sewerage from the zeolite-pores. The platinum-iron
supported catalyst was found to be the most active one, where zeolite Y-type under specific
optimized pretreatment could perform also in an excellent way.

The ability to prepare these high-activity zeolite catalysts reproducibly should be an
important goal for further research. Thus, a clear understanding of the effects that various
pre-treatment and preparation conditions may have on the activity of the catalyst is crucial.
Along with these active zeolites, it would be desirable to understand how the zeolite coatings
can be further stabilized in a way that stable samples, containing a high density of active
sites, can be prepared in a reproducible manner.

Concerning gold-catalysts, the specific requirements of the active site according to the active
site model and the sensitivity of the catalyst to chloride poisoning are among the reasons for
wide variations of reported activities of similar compositions in literature and within this
work. Additionally, the majority of the studies on the preferential carbon monoxide oxidation
have been conducted in model atmospheres (“idealized reformate”), consisting only of
carbon monoxide, oxygen, hydrogen and an inert component (nitrogen or helium). Realistic

methanol steam reformate, however, contains up to 20 Vol.% CO; and 10 — 20 Vol.% H,O.
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The influence of carbon dioxide on these catalysts was the most significant parameter. It is,
thus, evident that the magnitude of the negative effect provoked by the presence of carbon
dioxide on both the activity of the preferential carbon monoxide oxidation and the selectivity
are strongly dependent on the nature of the gold-catalysts. Among the samples tested, the
Au/Co304 catalyst was the most sensitive, while the platinum based catalysts were the most
resistant towards deactivation by carbon dioxide.

Based on the results presented in the present work, we may conclude that for low reaction
temperatures (i.e., T < 125 °C), the Au/Co304 catalyst was superior to the Pt-Rh/y-Al,O; and
Pty sAl;Mn;Cog; 5Oy for the preferential oxidation of carbon dioxide in the absence of carbon
dioxide. At higher reaction temperatures the activity of Pt-Rh/y-Al,O; and
Pty sAl;Mn;Coqg; sOx catalysts improved rapidly, as it was also the case in the presence of
carbon dioxide in the reactant feed. Both catalysts exhibited good tolerance towards carbon
dioxide, retaining their activity and selectivity when 20 Vol.% CO, was present in the
reactant feed while for Au/Co304 catalyst conversion dropped immediately.

Pt-Rh/y-Al,03 and Pty sAl;Mn;Cog; sOx were found to oxidize carbon monoxide effectively
in the presence of excess hydrogen and carbon dioxide and in the desired temperature range
(140 - 180 °C). Both catalysts appeared to be quite stable under reaction conditions,
especially with respect to selectivity. They exhibited stable activity in a dry feed for at least
70 h and succeeded in reducing the carbon monoxide concentration of the feed below 10 ppm
from an inlet concentration of 1.2 Vol.% at different O/CO ratio (from 2 to 4).

The Pty sAl;Mn;Coy; 5Oy catalyst for the preferential carbon monoxide oxidation was found
to be superior to the Pt-Rh/Al,O; catalyst. The Pty sAl;Mn;Coq; 5O catalyst was more active
and selective while operating at lower reaction temperature, thus had substantial potential in
preferential oxidation of carbon monoxide for commercial applications.

Another important factor was the platinum content, since platinum generally is not abundant
and its prise may strongly affect the market for fuel cells, a potential factor for this
application. The low content of platinum in the CoMn-catalyst, which was only 10% of that
of the reference catalyst, is a strong argument for the former. Since the content of platinum
has not yet been optimized and thus may become even smaller than 0.5 wt.%, the CoMn-
catalyst may become a realistic alternative to the state-of-the-art catalysts.

For the estimation of all parameters, a recycle reactor was set up, which had numerous
advantages as it was mentioned in chapter 1.5. Perhaps the greatest advantage of this reactor
was its ability to control the temperature of the catalysts more accurately. A further benefit

persisted in the fact that due to perfect mixing, that can be achieved at high recycle ratios, the




4. Summary and perspectives 106

material balances were the same like in the ideal, perfectly continuous stirred tank reactor
(CSTR). Maintaining the recycle ratio above 25, the reactor behaved like a CSTR, which
made the application of simple algebraic equations for the determination of the kinetics
possible and thus to simplify the estimation of reaction kinetics.

The predictions of the residence time distribution (RTD) for a CSTR simulated by a
microreactor with a recycle stream, operating in turbulent flow, has been shown to give an
adequate approximation of experimental measurements.

We have shown that the kinetics of the preferential carbon monoxide oxidation and hydrogen
oxidation on Pt-Rh/y-Al,O3 catalyst in simulated reformer gas in the microreactors is well
described by a simple power-law expression. To our knowledge, the use of a microreactor
operated as recycle reactor for the determination of reaction kinetics is a novel approach.
Analysis of the differential data obtained with the catalyst containing 5 wt.% Pt and
5 wt.% Rh resulted in an activation energy ranging from 92.6 kJ/mole to 94.2 kJ/mole,
depending on the reaction mixture (within errors are not widely different). In case where only
carbon monoxide and oxygen are present in the reaction mixture, the exponents o and 3, of
the partial concentrations, were found to be -0.53 and 0.79 respectively. Additionally, o and (3
parameters found to be influenced, as expected, by the presence of large amounts of
hydrogen and thus the increase of the oxygen reaction order from 0.79 to 1.0 is consistent
with a lowering of the effective oxygen coverage. The exponent a, of carbon monoxide
partial concentration, was found to be -0.68 in the presence of hydrogen.

The inhibiting effect of carbon dioxide on both reaction rates may be explained by the
adsorption of carbon dioxide on alumina, leading to the formation of carboxylate and
carbonate species [121]. The latter species can decrease the reaction rate for both reactions
by decreasing the alumina surface available for oxygen adsorption (competitive adsorption)
and thus decreasing the concentration of adsorbed oxygen on alumina. This way the interface
reaction is hindered. Another possible reason for this decrease can be the decrease of oxygen
surface diffusion. The exponents o and [ of carbon monoxide and oxygen partial
concentrations were found to be -0.61 and 0.83 respectively.

Furthermore, the undesired parallel reaction of the hydrogen oxidation was also investigated.
The activation energy was found to be approximately 12.73 kJ/mole and the exponents of
hydrogen, oxygen and carbon monoxide partial concentrations -0.26, 0.09 and -0.06
respectively.

The negative influence of hydrogen on both reactions is explained also as the effective

removal of active oxygen through water formation. On the other hand, steam has no effect on
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the catalyst performance at temperatures exceeding 160 °C, whereas it enhances oxidation
rates at lower temperatures.

This system, and the conclusions made on these catalysts, has a substantial potential in
advancing the knowledge in catalysis and in reaction engineering for commercial
applications. The need to develop a model, applicable for all case-studies presented here, is

intended. Therefore, various issues need to be addressed in future studies.
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Akaike’s Information Criterion
Output concentration of gas
Inlet concentration of gas
Catalyst

Concentration of gas specie i
Activation energy

Residence time distribution
Inlet flow rate

Recycle flow rate
Pre-exponential factor
Universal gas constant
Reaction rate

Mean residence time
Temperature

Reactor volume

Weight Hourly Space Velocity
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Greek symbols

o
B
v
o

P D

>

kJ/mole

CO exponential factor in CO reaction rate
02 exponential factor in CO reaction rate
H2 exponential factor in CO reaction rate
CO; exponential factor in CO reaction rate
H; exponential factor in H; reaction rate
O, exponential factor in H; reaction rate

CO; exponential factor in Hj reaction rate

Reaction enthalpy

Bragg’s angle

Surface coverage of specie 1
2:[0,]/[CO] ratio

Residence time




	1 Introduction
	1.1 Motivation
	1.2 Fuel cell
	1.2.1 Microreactors
	1.2.2 CO oxidation in H2-rich gas streams

	1.3 Noble metal catalysts for preferential oxidation of CO
	1.3.1 Gold based catalysts
	1.3.2 Zeolite based catalysts

	1.4 Methods of catalysts characterization
	1.4.1 Brunauer–Emmett–Teller analysis
	1.4.2 Scanning electron microscopy
	1.4.3 Temperature programmed reduction
	1.4.4 X-Ray diffraction
	1.4.5 Transmission electron microscopy
	1.4.6 Gas chromatography

	1.5 Reactor characterization
	1.6 Kinetic study
	1.7 Focus of the research

	2 Results and discussion
	2.1 Selection of catalysts
	2.2 Catalysts characterization
	2.2.1 Gold and zeolite XRD-spectra
	2.2.2 Zeolite TPR-spectra
	2.2.3 Zeolite SEM-photos
	2.2.4 Gold TEM-photos

	2.3 Activity measurements
	2.3.1 Gold-catalysts
	2.3.2 Zeolite-catalysts
	2.3.3 Other noble metal catalysts

	2.4 Residence time distribution and reactor model
	2.4.1 Reactor model

	2.5 Kinetic measurements
	2.5.1 CO oxidation without H2
	2.5.2 CO oxidation in the presence of H2
	2.5.3 CO oxidation in the presence of H2 and CO2
	2.5.4 CO oxidation in the presence of H2, CO2 and steam
	2.5.5 Comparison with literature values
	2.5.6 H2 oxidation


	3 Experimental part
	3.1 Synthesis of catalysts
	3.1.1 Gold catalysts
	3.1.2 Zeolite catalysts
	3.1.3 Other noble metal catalysts

	3.2 Temperature programmed reduction analysis
	3.3 Experimental Setup
	3.3.1 Microreactor as integral reactor
	3.3.2 Determination of the residence time distribution
	3.3.3 Valve actuator
	3.3.4 TCOD IR-Sensor
	3.3.5 Pump
	3.3.6 Gas chromatograph
	3.3.7 Microreactor as recycle reactor

	3.4 Calculations
	3.4.1 Material balance of a CSTR
	3.4.2 CO conversion and selectivity
	3.4.3 Mechanism of preferential oxidation reaction
	3.4.4 Akaike’s Information Criterion (AIC)
	3.4.5 Arrhenius equation


	4 Summary and perspectives
	5 References
	6 Appendix
	6.1 Nomenclature


