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Abstract

The depletion of fossil fuels together with growing environmental concerns
have created incitement for developing a more energy-efficient and
environmentally-friendly vehicle fleet. The development towards cleaner
heavy-duty vehicles started already in the 80’s with the introduction of
emission legislations. Initially, engine optimization was enough for reaching
the legislated levels of emissions. However, at present engine optimization
is not enough but exhaust aftertreatment has become an essential part of
heavy-duty vehicles, in order to meet the emission standards. Today, the
total emissions are targeted which means that there is an interest in decreasing
the idling emissions as well as the emissions during operation. To reduce the
overall emissions several states in the USA have introduced idling legislations.
Due to the limitations in idling time alternative solutions for power generation
during rests are requested. A possible alternative is a fuel cell auxiliary power
unit, combining a fuel cell with a fuel reformer (FC-APU).

The focus of this thesis is the development of the fuel reformer for an
FC-APU, in which the hydrogen to the fuel cell is generated from diesel in a
high-temperature catalytic process. The produced hydrogen can also be used
in other heavy-duty vehicle applications i.e. selective catalytic reduction of
NOx (HC-SCR), where addition of hydrogen is essential for reaching high
conversion at low temperatures. The effect of using hydrogen from a fuel
reformer in HC-SCR is included in this work. The catalytic material
development is focused on developing promoted materials with lower rhodium
content but with catalytic activity comparable to that of materials with higher
rhodium content. This includes evaluation and extensive characterization of
both fresh and aged promoted materials. The work also includes reactor
design where a micro reactor with multiple air inlets is evaluated.

This work has contributed to increased knowledge of catalytic materials
suitable for reforming of diesel. By changing the support material from the
traditionally used alumina to ceria-zirconia, increased H2 yield was achieved.
In addition, the ceria-zirconia supported material was less prone to coke. By
promoting the material with cobalt or lanthanum it was possible to decrease
the rhodium content by 2/3 with enhanced catalytic performance. It was
also discovered that promotion with lanthanum decreased the tendency for
coking even further. Additionally, the lanthanum-promoted material had
higher thermal stability as well as a stable highly dispersed rhodium phase.

Furthermore, the work has contributed to an increased knowledge
concerning the fuel reformer’s effect on HC-SCR. The work displays clear
evidence of benefits with using hydrogen-rich gas from a fuel reformer instead
of pure hydrogen. The benefits are derived from the content of low molecular
weight hydrocarbons present in the hydrogen-rich gas, which are strong
reducing agents increasing the NOx reduction. This finding proves that fuel
reforming in combination with HC-SCR is a viable option for NOx abatement.

Keywords: aging · autothermal fuel reforming · CeO2-ZrO2 ·
characterization · diesel · H2-assisted HC-SCR · micro reactor · monolith
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Sammanfattning

Titel: Bränslereformering för vätgasproduktion i tunga lastbilar

Den minskade tillgången till fossila bränslen tillsammans med en växande
hänsyn till miljön har varit starka argument för att utveckla en energieffektiv
och miljövänlig fordonspark. Redan på 80-talet infördes en utsläppslag-
stiftning för tunga lastbilar vilket har bidragit mycket till utvecklingen. Till en
början kunde de lagstiftade utsläppsnivåerna nås genom motoroptimeringar.
Detta är inte längre tillräckligt, utan avgasefterbehandling har blivit standard
för tunga lastbilar. De senaste åren har totalutsläppen kommit mer i fokus
där en stor del är utsläppen under tomgång. Dessa utsläpp kommer från
att lastbilar i högre utsträckning går på tomgång för elproduktion under
vila. Den ökade tomgångskörningen har lett till att flera stater i USA har
infört ett förbud mot längre perioder av tomgångsdrift. Förbudet har skapat
incitament för utvecklingen av alternativa sätt att producera elektricitet vid
stillastående under vila. Det finns flera möjliga alternativ varav ett är ett
hjälpkraftsaggregat bestående av en bränslecell kombinerat med en bränsle-
reformer (FC-APU).

Fokus i denna avhandling är bränslereformern till en FC-APU, i vilken
väte genereras från diesel via högtemperaturkatalys. Det producerade vätet
kan användas i flera tillämpningar i tunga lastbilar, exempelvis selektiv
katalytisk reduktion av NOx (HC-SCR). Katalysatorutvecklingen har
fokuserats på nya katalytiska material med betydligt lägre rodiumhalt än
tidigare men med bibehållen katalytisk aktivitet. Detta har inneburit
tillverkning, utvärdering samt karakterisering av olika material. Inkluderat
i arbetet har också varit att utvärdera en mikroreaktor med flera luftintag.

Arbetet har bidragit till fördjupade kunskaper om vilka katalysator-
material som är bäst lämpade för bränslereformering. Genom att byta ut den
traditionellt använda katalysatorbäraren aluminiumoxid till ceria-zirkonia
kunde ett ökat väteutbyte erhållas. Dessutom upptäcktes det att ceria-
zirkonia har en lägre benägenhet att fälla ut kol på ytan jämfört med
aluminiumoxid. Genom att kombinera rodium med olika övergångsmetaller
(kobolt eller lantan) kunde rodiumhalten sänkas med 2/3 samtidigt som en
ökad katalytisk aktivitet erhölls. Tillsatsen av lantan ökade även materialets
termiska motståndskraft samt stabiliserade rodiumpartiklarna, vilket
förhindrade partikeltillväxt. Dessutom kunde en minskning i analyserad
mängd kol på ytan observeras jämfört med material innehållande endast
rodium.

Arbetet har också bidragit till en fördjupad förståelse för bränsle-
reformerns inverkan på HC-SCR. Studien visar på en tydlig, positiv effekt
av att använda väte från bränslereformer jämfört med rent väte. Den positiva
effekten tros bero på rester av lågmolekylära kolväten i gasen från bränsle-
reformern, vilka är starkare reduktionsmedel än den tillsatta dieseln.
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Chapter 1

Setting the scene

Modern society is based on goods being distributed in an efficient way between
producers and consumers. The main part of transportation takes place by heavy-
duty (HD) vehicles on road, since it is a versatile and easy way of transporting goods
between the different destinations. The main part of the energy, corresponding to
95 %, used in transportation comes from fossil fuels [1]. As the developing countries
are developing fast and transportation is a key factor in sustaining the development,
fuel consumption is about to increase. The increased fuel consumption is occurring
at the same time as the sources of fossil fuels are declining. Not only the depletion
of fossil fuels but also environmental concerns are important incitements for finding
alternative solutions. It is a well-established fact that greenhouse gases are among
the largest contributors to global warming. The transport sector accounts for 13 %
of the total emission of greenhouse gases with carbon dioxide as the main product
[1].

The emissions from HD vehicles were first legislated in 1992 by the introduction
of Euro I. The maximum emission level of NOx (nitrogen oxides) was set to 8.0
g NOx/kWh [2]. Initially, when the legislations were introduced modifications to
the engines were enough for reaching the targeted levels of emissions. However,
over the years the legislations have become stricter and presently more species
are legislated. The current legislation, Euro VI, states a maximum level of 0.4 g
NOx/kWh [2]. Legislated emissions in Euro VI are also particulate matter, total
hydrocarbons, carbon monoxide, ammonia and non-methane hydrocarbons. To
reach the emission levels of today’s emission legislations, engine modifications are
not enough and exhaust aftertreatment has become an essential part of the vehicles.
In the future, regulations are expected to become stricter, as well as including
more substances, such as CO2 and N2O. Additionally, 25 states in the USA have
introduced regulations concerning idling emissions [3]. More states in the USA and
countries outside the USA are likely to add such regulations. This means greater
pressure on the automotive industry to find alternatives to idling.

An attractive option to decrease the total emissions is to introduce hydrogen

3
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onboard HD trucks. However, storing hydrogen is cumbersome due to its low energy
density in the gas phase. A more versatile and practical way would be to produce
the hydrogen on-demand, onboard the vehicle by reforming of the propellant.

1.1 Scope of the thesis

The main objective of this thesis is to develop new catalytic materials for auto-
thermal reforming of commercial fuels. The diesel fuels that have been evaluated
are; MK1 (Swedish Environmental Diesel, class 1), VSD10 (Volvo Standard diesel)
and NExBTL (biodiesel, Neste Oil). The focus for the catalytic materials is to
reduce the content of metals belonging to the platinum group metals1 (PGMs),
without compromising the catalytic activity. The work includes catalyst
preparation, evaluation and characterization. The purpose is to deepen the
knowledge of the materials’ properties and how they are affected by time on stream.
Included in the aims is also to integrate and evaluate a fuel reformer together
with selective catalytic reduction of NOx with hydrocarbons as reducing agent
(HC-SCR). In addition, a part concerning fuel reformer design is included in this
work.

During the course of the project a bench-scale fuel reformer was designed and
built at KTH Royal Institute of Technology with the purpose of evaluating catalysts
for autothermal reforming of fuels. Together with Karlsruhe Institute of Technology
(KIT), Germany, a micro reactor for autothermal reforming of fuels with multiple
air inlets was designed. The micro reactor was tested and evaluated at KTH.

An integrated bench-scale reactor, consisting of a fuel reformer and HC-SCR
reactor was built at KTH together with Competence Centre for Catalysis, Chalmers
University of Technology. The purpose of the bench-scale reactor was to evaluate
the reformate’s influence on the NOx reduction during controlled operating
conditions. Subsequently, an integrated pilot-scale reactor setup was built at the
Dept. of Energy Efficiency and Environment, Volvo Group Trucks Technology. In
this setup the integrated HC-SCR system was evaluated using real diesel engine
exhausts.

This thesis is based on five appended papers and manuscripts, focusing on
hydrogen production via autothermal reforming of fuels for HD vehicle applications.
In Paper I the support’s influence on the catalytic activity is evaluated. Two
supports are compared, δ-Al2O3 (promoted with 10 wt.% La and 10 wt.% Ce) and
CeO2-ZrO2. Both supports were impregnated with 3 wt.% Rh. In Paper II three
transition metals (Co, La, Mn) are evaluated as possible promoters for replacing
part of the Rh loading without compromising the catalytic activity. In Paper III
the promoted materials evaluated in Paper II are extensively characterized to gain
further knowledge on aging behavior and activity. In Paper IV a micro reactor for

1Ruthenium, rhodium, palladium, osmium, iridium and platinum
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Figure 1.1: System overview of the E4 Mistra project with the different sub-projects.

fuel reforming with multiple air inlets was designed, tested and evaluated in
cooperation with the Institute for Micro Process Engineering at KIT. In Paper
V the reformate’s effect on the NOx reduction of a HC-SCR system is evaluated in
both bench scale and in pilot scale. This study was performed together with the
Dept. of Energy Efficiency and Environment, Volvo Group Trucks Technology and
Competence Centre for Catalysis, Chalmers University of Technology.

1.2 Research context

The work included in the thesis has been part of two different research projects. The
studies on catalytic materials for autothermal reforming of fuels and integration of
fuel reformer and HC-SCR are part of E4 - Energy efficient reduction of exhaust
emissions from vehicles funded by the Swedish Agency for Strategic Environmental
Research (E4 Mistra). The focus of the project is to increase the overall energy
efficiency of HD vehicles. The goal of the project is to decrease the emissions to
ultra low levels (0.005 g PM/kWh and 0.1 g NOx/kWh) without increasing the
CO2 emissions. The project consists of a combination of different techniques that
together increases the efficiency of the HD vehicle. The techniques included are:
an HC-SCR in combination with a fuel reformer to minimize the NOx emissions,
a coated diesel particulate filter (DPF) to reduce both the amount and number of
particulate matter, a heat exchanger (HEX) for exhaust gas recirculation (EGR)
with integrated thermoelectric generators (TEG) to increase the energy efficiency.
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An overview of the project and the sub-projects with the responsible partners is
presented in Fig. 1.1.

The section of the thesis dealing with the design of the fuel reformer is funded by
the SynCon (Novel synthesis process concepts for efficient chemicals/fuel production
from biomass) project within KIC InnoEnergy. The project is a cooperation
between several international academic and industrial partners, working with
renewable and sustainable energy utilization.



Chapter 2

Emission reduction options for heavy-duty
vehicles

The transport sector is facing stricter emission legislations, both concerning
concentration levels and number of species. This has created an incentive for the HD
vehicle industries to think in new ways in order to reach targeted emission levels.
Additionally, there is a growing concern about idling emissions, contributing to
approximately 10 % of the total emissions of a HD vehicle [2]. As a way to decrease
the total emissions several states in the USA have introduced idling legislations.
This has encouraged the development of alternatives to electricity generation during
standstills [3].

The increased problems with idling can directly be derived from the trend
observed among the long haul HD vehicles. These vehicles drive farther away from
home and spend longer periods on the road. It is estimated that a long haul HD
vehicle spends more than 300 days, more than 300 km away from home, annually [4].
This makes the HD vehicle a common place for the truckers to spend their nights.
This has contributed to the introduction of electricity-demanding comfort products
in the vehicles e.g. micro-wave ovens, refrigerators and WiFi [5]. The vehicle also
needs electricity for cabin comfort, such as heating and cooling, during rests. This
results in idling, on average 6 h per day for 290 days annually, in order to provide
the vehicle with electricity [5], resulting in unnecessarily high fuel consumption
and emissions. Moreover, the efficiency of electricity generation during idling is
dramatically lower compared to normal on-road operation [4].

Hence, there is a need to find alternative solutions for supplying the vehicle with
electricity during rests and thereby reduce the overall emission. An alternative
for generating electricity during rests would also mean less wear on the engine
and prolongation of its lifetime [6, 7]. Several alternatives have been suggested as
replacement for idling [3]:

7
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• Battery-powered auxiliary power systems
There are different battery solutions, with varying complexity, available on
the market. The battery can either be charged during operation through the
generator or plugged-in at service areas.

• Diesel-fueled auxiliary power systems
The system consists of a small diesel engine, producing electricity during rests,
with lower fuel consumption and emission levels. The system is subjected to
regulations regarding emission levels.

• Truck Stop Electrification
The vehicle is plugged into the electrical grid during rests. The option is only
available at a limited number of service areas at the moment.

• Fuel cell auxiliary power unit (FC-APU)
The system consists of a fuel cell, often in combination with a fuel reformer,
generating a hydrogen-rich gas preferably from the propellant.

2.1 Fuel cell auxiliary power units

Fuel cell auxiliary power units, FC-APUs, are considered a versatile and mature
technology for onboard generation of electricity [8]. The technique could replace
engine idling during rests and thereby avoid unnecessary emissions and wear of
the engine. As comparison a FC-APU produces electricity with as high as 30 %
efficiency [9], which means about 50 – 60 % higher efficiency than a diesel-fueled
APU [10]. Since the system includes a fuel reformer, producing hydrogen-rich gas
on demand, the problems connected with storing and fueling hydrogen are omitted.
Compared to other available APU options an FC-APU offers an environmentally-
friendly and efficient way of producing electricity [8]. A fuel cell can be thought
of as a continuously operating battery, converting the chemical energy bound in
hydrogen and oxygen into electrical energy and heat with high efficiency and low
environmental impact.

A FC consists of an anode and a cathode separated by an ion conductive
electrolyte. The fuel, normally hydrogen, is fed to the anode side and the oxidizing
agent, typically air, is fed to the cathode side. The charge carrier, in most cases
protons, diffuses through the electrolyte to the cathode side, where they react with
oxygen forming water. The transport of electrons from anode to cathode gives rise
to a current (Fig. 2.1) [8].

There are several types of FC, suitable for different applications and the two
main technologies competing as part in an FC-APU are: solid oxide fuel cells
(SOFCs) and polymer electrolyte fuel cells (PEM). These two FC technologies differ
significantly and both have advantages and disadvantages. The greatest advantage
with PEM is the system’s high current density, enabling a compact design of the
FC stack. The system also has a short startup time due to its low operating
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Figure 2.1: Schematic sketch of a fuel cell..

temperature (90 °C). However, the low operating temperature is also one of the main
drawbacks of the system. The platinum will be poisoned by CO in the reformate.
The system can only withstand a few ppms CO without losing activity. This
means that the reformate needs to be cleaned before the FC, adding cleanup steps
i.e. water-gas shift and preferential oxidation. The other alternative is SOFC,
operating at high temperatures (800 – 1000 °C). The high operating temperature
enables the FC and fuel reformer to be heat integrated. The SOFC is not sensitive
to CO, the system can even utilize CO as fuel. This omits any additional cleanup
steps of the reformate prior to the FC [8].

2.2 Other hydrogen applications in heavy-duty vehicles

With increasing complexity of the aftertreatment systems in HD vehicles,
alternatives have emerged to the options available today. Since hydrogen has been
pointed out as a promising replacement for fossil fuels in the future, several of
those applications are based on the availability of hydrogen onboard. Examples of
alternative emission reduction techniques where hydrogen is an essential part are:
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• Selective catalytic reduction of NOx with hydrocarbons (HC-SCR) in order to
enhance the low-temperature performance [11, 12].

• Regeneration of lean NOx trap catalysts. These traps can be used as a NOx
reduction alternative [13].

• Heating of the aftertreatment system to minimize the start-up time and thereby
reducing the total emissions.

• Reducing NOx formation during combustion [14].

• Ammonia synthesis onboard, eliminating the need for storing and fueling urea
for urea-SCR [13].

2.2.1 Hydrogen-assisted hydrocarbon selective catalytic reduction
Diesel fuels, i.e. compression ignition engines, propel the majority of today’s HD
vehicles. A diesel engine operates at lean conditions, which means that there
is a surplus of oxygen during combustion. The high air-to-fuel ratio results in
almost complete fuel combustion with high fuel efficiency. This decreases both the
fuel consumption and thereby the CO2 emissions. However, the lean operation
makes exhaust aftertreatment more complex. The exhaust temperature decreases
as a consequence of the high air-to-fuel ratio, causing efficiency problems for the
aftertreatment catalysts. In addition, the oxidizing environment rules out the use
of three-way-catalysts, commonly used in spark ignition engines to remove CO,
HC and NOx. In diesel engines the removal of NOx has to be performed through
selective catalytic reduction (SCR) where a reducing agent is crucial. The most
established technique today is urea-SCR. Although urea-SCR is a well-established
technique, the infrastructure is only well developed in Europe while in the USA and
other industrialized countries the infrastructure is still limited [15]. In addition,
there are also concerns about the possible NH3 slip, imposing the addition of a
NH3 slip catalyst afterwards to avoid NH3 in the exhausts [15]. There are also
drawbacks with the chemistry of the technique. One of the main challenges is the
formation of solid byproducts, such as biuret, cyanuric acid and ammelide, blocking
the piping and causing corrosion [16, 17, 18].

An alternative technology, circumventing many of the issues connected to
urea-SCR, is HC-SCR. In this technology hydrocarbons, preferably the propellant,
is used as reducing agent instead of urea [19]. The use of hydrocarbons instead
of urea avoids several of the problems described above. The main advantage is
that no extra compound is required and therefore an additional infrastructure is
unnecessary. Additionally, no extra tank is needed and therefore the fuel capacity
of the vehicle is almost preserved.

Silver-alumina (Ag/Al2O3) has been pointed out as a potential
catalyst candidate for HC-SCR, displaying promising results for a variety of fuels
[20, 21]. The main disadvantage with this system is that it needs relatively high
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temperatures to have sufficiently high NOx reduction. However, in 2000 Satokawa
et al. [22] discovered that by adding a small amount of H2 (~ 1000 ppm) the NOx
reduction temperature window could be shifted towards lower temperatures. It was
also found that the addition of H2 to the system increased the system’s tolerance
to variations in gas hourly space velocity (GHSV) [23].





Chapter 3

Hydrogen production

Today, hydrogen is a widely used chemical in many different industries. Most of
the hydrogen produced in the USA is utilized in petroleum refineries, treatment of
metals, production of fertilizers and in the food industry. Most of these industries
have a hydrogen production facility close-by, avoiding problems connected with
transportation. Even though there is a number of different ways of producing
hydrogen, more than 95 % of the hydrogen in the USA is produced via steam
reforming of natural gas. [10]

Before hydrogen can be introduced as an alternative fuel for vehicles, there are
several obstacles that need to be overcome. One of the main challenges is the
lack of an existing infrastructure for hydrogen and therefore the distribution is
the main issue. To speed up the process of making hydrogen available for vehicle
applications, distributed hydrogen production by fuel reforming is put forward as
the most viable alternative. By producing hydrogen at the refilling stations the
need for transportation is avoided. In contrast to distributed hydrogen production
there is centralized hydrogen production, which is more economical but requires
an infrastructure [10]. However, neither of the previously mentioned alternatives
solve the problem with storage of hydrogen onboard vehicles. Due to hydrogen’s
low energy density when in the gas phase the gas must either be highly compressed
or cooled down to a cryogenic liquid to have sufficient energy density for storage
[24].

An alternative avoiding the problems connected to both storage of hydrogen and
infrastructure is onboard fuel reforming. In this option hydrogen is produced via
reforming from a hydrocarbon source, normally a liquid HC such as diesel, ethanol
etc. By introducing their first commercial fuel reformer in 2006, Delphi proved that
onboard reforming is a viable option. The hydrogen-rich gas produced by the fuel
reformer was used to regenerate the lean NOx trap and the particulate filter [13].

13
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3.1 Fuel reforming

There are three catalytic reforming processes for converting liquid HCs into a
hydrogen-rich gas; partial oxidation (eq. 3.1), steam reforming (eq. 3.2) and auto-
thermal reforming (ATR) (eq. 3.3). The three reforming processes generate a
hydrogen-rich gas, often referred to as reformate, containing mainly H2, CO, CO2
and H2O. In most cases air is used as oxygen source and therefore the reformate
is diluted with N2. The product distribution of the reformate depends on the
reforming process and the HC used as fuel as well as on the operating conditions.

The choice of reforming process depends on both the application and the HC
used as fuel. For applications in rural areas, where water is not readily found, partial
oxidation might be the best choice. The process does not need external heating
due to its exothermic nature. In addition, the process is thermally fast. The
main disadvantage with this process is the high formation of coke precursors e.g.
ethene, which could potentially cause catalyst failure. For large-scale production of
hydrogen in stationary plants steam reforming is the preferred process. The main
reason is that this process produces the highest H2 yield. The down side is the
fact that the process is strongly endothermic and requires a substantial amount of
external heating. The third alternative is ATR, which is a combination of the two
previously mentioned reforming processes. The process has both the fast thermal
response of partial oxidation and the high H2 yield of steam reforming.

The main advantage with ATR is that the process is autothermal, i.e. self-
sustained with heat. This is possible due to the combination of partial oxidation
of fuel, generating heat, which is then consumed in the steam-reforming process.
As a consequence of the combination of the two reforming processes, a typical
temperature gradient is developed over an ATR reactor (Fig. 3.1). The origin of
the temperature profile is that partial oxidation occurs much faster than steam
reforming. This means that the partial oxidation is essentially taking place in the
beginning of the reactor, rapidly consuming all oxygen. The rapid consumption
of oxygen gives rise to the initial temperature increase [25, 26]. The heat evolved
during partial oxidation is then subsequently consumed in the steam-reforming
reaction. Due to heat losses a reactor can never operate in a true autothermal
mode, therefore the reaction is normally slightly exothermic in real applications.
As a result ATR is often referred to as oxidative steam reforming. Additionally, the

CxHy +
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2
O2 → xCO + y

2
H2 (3.1)
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Figure 3.1: Typical temperature profiles developed during autothermal reforming as a
consequence of the combination of partial oxidation (POX) and steam reforming (SR).

combination of steam and oxygen in the feed makes the reforming of fuels easier
due to pre- reforming taking place in the mixing zone of the reactor [27, 28].

ATR of fuel involves numerous reactions owing to both the complexity of the
fuel and the process itself. Therefore, it is difficult to perform thermodynamic
calculations without complex reaction models. However, by making some
assumptions it is possible to perform simple thermodynamic calculations to obtain
the optimal operating temperature. The assumptions normally include normalizing
diesel to a homogeneous fluid consisting of C14H26 and limiting the involved
reactions to partial oxidation, steam reforming and water-gas shift (eq. 4).

Water-gas shift is often included, even though the reaction is exothermic and
highly limited by the high temperatures, due to the high steam and CO
concentrations in the reformate. Based on these simplifications of the system the
achieved optimal temperature is between 700 °C and 750 °C [27]. However, we have
found that in reality often higher temperatures are required to reach the required
high H2 yield and fuel conversion (Papers II and V).

3.2 Diesel fuels

Diesel fuels consist of a complex mixture of hydrocarbons in the size range from
C10 to C17. The HC species are divided into three groups based on their chemical
nature: paraffins, cycloparaffins and aromatics. The percentage distribution of
the groups varies around the world but paraffins always dominate. Since early
1990’s the principal diesel fuel in Sweden has been MK1 (Swedish Environmental,
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class 1). This particular diesel has a lower amount of sulfur (< 10 ppm) and
aromatics (3 – 5 %) concentration than other diesel fuels. [29]

Diesel fuels are designed to ignite during compression, a property measured in
cetane number. The cetane number is a measure of the ignition delay, where a
high cetane number means a shorter ignition delay. The cetane number ranges
from 0 to 100, where hexadecane (n-C16H34) is assigned cetane number 100 and
alpha-methyl naphthalene (C11H10) cetane number 0. However, there are other
important properties of diesel fuels e.g. the sulfur content, amount of aromatics,
density, volatility and amount of oxygenates. [2] In fuel reforming the most crucial
properties of diesel are the contents of sulfur and aromatics because they can both
lead to catalyst deactivation and eventually catalyst failure.

Most of the diesel used today is derived from fossil crude oils through fractional
distillation, where diesel is the fraction retrieved in the temperature interval
200 °C to 350 °C. After distillation the product is hydrotreated to remove sulfur,
aromatics and unsaturated compounds to meet the quality specifications of a diesel
fuel. To enhance different properties various additives are added to the finished
fuel. Diesel fuel can also be obtained synthetically either by biomass-to-liquid
(BTL), gas-to-liquid (GTL) or transesterification processes. The largest benefit
with synthetic diesel fuels is that the composition can be highly controlled, giving
a high concentration of paraffins and close to zero sulfur content [30]. One of
the concerns connected to diesel fuels derived from biomass is that there is no
clear evidence that the alkali metals are not harmful to the exhaust aftertreatment
catalysts.

As stated previously the most common diesel fuel used in the transport sector
In Sweden is the fossil-based MK1 diesel. Therefore, this is the fuel in focus in
this work. In addition, VSD10 (Volvo Standard diesel), with similar composition
as MK1, is used in some experiments. Also the synthetic diesel, NExBTL has been
evaluated. The physical and chemical properties of the diesel fuels used in this
thesis are presented in Table 3.1.

3.3 Catalytic materials and substrates

In emission and pollutant control, for stationary as well as mobile applications, the
most common catalytic substrates are ceramic cordierite honeycomb monoliths.
The monolith structure consists of multiple parallel channels separated by thin
walls (Fig. 3.2). This construction gives monoliths a large frontal area (~ 70 %),
minimizing the pressure drop even at high gas flows. Low pressure drop at high gas
flows is essential for emission and pollutant control applications normally operating
at atmospheric pressures. Due to the channel structure monoliths have a large
geometric surface area. This is especially advantageous when operating at high
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(a)

(b)

Figure 3.2: a) Uncoated cordierite monolithic substrate, b) conceptual picture of catalytic
material on monolith substrate.

temperatures, where the chemical reactions are mass transfer-limited and occur on
the outer surface of the catalyst. This design allows the washcoat to be applied in
thin layers, improving conversion due to decreased pore diffusion resistance. Since
the channels are small and separated by thin walls, the heat transfer in a monolith
is enhanced compared to a particulate fixed bed, making monoliths suitable for
strongly exothermic reactions [31]. In addition, monoliths are robust and can endure
the constant vibrations present in a vehicle. These vibrations would cause severe
damage to a fixed bed of particles.

Fuel reforming exposes the catalyst material to harsh operating conditions
in multiple ways, which demands a robust catalytic material. First of all the
catalyst should have stable and high H2 yield and H2 selectivity as well as high fuel
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Table 3.1: Physical and chemical properties of the diesel fuels used in the experiments.

Properties NExBTL
[32]

VSD10a,c MK1d

[29]
units

Sulfur content < 1 < 3 < 10 ppm(w)
Min. boiling point 180 n.a. 180 °C
Dist. 95 % evap. 293 346 340 °C
Aromaticsb < 0.31 3.8 5 wt.%
Carbon/hydrogen ratio 5.6 6.4 n.a. wt./wt.
P, K, Ca, Na, Mn < 1 n.a. n.a. ppm
a Includes mono-, di-, and tri+-aromatics
b Volvo Standard Diesel
c As analyzed
d According to specification

conversion. To achieve high dispersion of the active sites the catalytic supports
are most often various metal oxides with large surface areas. The support needs
to have high thermal stability, since high temperatures in combination with high
partial pressure of steam may cause collapsing and sintering of the pore structure
in the support.

The support material commonly used in reforming applications is alumina
(Al2O3). The main reasons are the material’s relatively large surface area and high
heat resistance. The most commonly used phase configuration is γ-alumina with a
surface area of approximately 150 m2/g. One of the problems with using alumina
as support for fuel reforming is that the material undergoes phase transition from
γ to δ at approximately 800 °C, causing a drastic decrease in surface area. To
prevent the phase transition from occurring, alumina is regularly promoted with
lanthanum which is known to stabilize the crystal structure [33]. Another approach
is to use δ-alumina as support from the start [34]. Cerium is also a commonly
used promoter, enhancing the bulk transportation of oxygen, which is considered
beneficial for coke removal. In addition, cerium is known to stabilize the metal
phase in a more dispersed phase [35].

As mentioned previously, the diesel itself exposes the catalyst to several
deactivation mechanisms e.g. coking and poisoning. Coking is the deposition of
solid coke on the catalytic surface, which may block the active sites and thereby
decrease the activity. The solid coke may be formed from the aromatic species
present in diesel, due to their low reactivity in the reforming reactions. As a
consequence, they easily decompose into carbonaceous species on the surface instead
[8]. In addition, high molecular-weight HCs tend to go through pyrolysis, i.e.
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cracking, during evaporation. The cracking products are often unsaturated low
molecular-weight HCs, which also easily deposit as coke on the surface. Poisoning
refers to irreversible chemisorption of a species on the active sites,
inhibiting reaction and eventually causing catalyst deactivation. Sulfur is a species
present in diesel that may cause poisoning by forming metal sulfides [8]. Both
coking and poisoning can be limited by using higher temperatures [8].

As active metal in fuel reforming applications PGMs have been extensively
evaluated over the years. This is due both to their high activity and durability
during the harsh operating conditions. Out of the PGMs rhodium is the preferred
choice due to high coke resistance and durability combined with excellent C – C
bond breaking activity.
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Chapter 4

Reactor setups

4.1 Bench-scale fuel reformer

During the course of this work a bench-scale fuel reformer was designed and built
at KTH as a complement to the full-scale reformer, described in by Nilsson et al.
[36]. The bench-scale fuel reformer made it easier to evaluate new catalytic
materials under controlled operating conditions. The size of the monoliths in the
bench-scale fuel reformer is approximately 80 times smaller than the one in the
full-scale fuel reformer. The smaller monoliths simplify the catalyst preparation
significantly. The schematic sketch over the complete bench-scale fuel reformer
setup is displayed in Fig. 4.1.

The bench-scale fuel reformer consists of a horizontally mounted high-
temperature stainless steel reactor (Sandvik 253 MA, Øinner= 24.3 mm) with
external heating, in which the coated monolith is placed. The temperature in the
reactor can be regulated from ambient to 1100 °C with a PID regulator, regulating
the temperature outside the reactor tube. The length of the monolith can be
varied to change the GHSV while the diameter of the monolith is fixed to 20 mm.
To ensure that the monolith is securely mounted in the reactor tube and to avoid
gas slip, the monolith is wrapped in heat-resistant ceramic tape (Dalfratex). The
temperature is measured and logged both before and after the coated monolith. To
protect the thermocouples from radiation heat un-coated cordierite monoliths are
placed before and after the coated monolith (l = 30 mm, Ø = 20 mm). All tubing
of the setup is wrapped with high-temperature heating tapes (HTS Amptek) and
carefully insulated, to avoid condensation.

The gas flows into the reactor are synthetic air and N2 controlled by thermal
mass flow controllers (Bronkhorst®, El-Flow). The thermal conductivity of a
non-homogeneous liquid, such as diesel fuel, is difficult to determine. Therefore,
the fuel flow is controlled by a Coriolis mass flow controller (Bronkhorst®, Mini
Cori-Flow), which regulates based on the density of the liquid. Deionized water is
fed to the system with two continuously operating syringe pumps (WPI, Aladdin),

23
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Figure 4.1: Schematic sketch of the bench-scale fuel reformer.

working opposite to each other. The bulk N2 and synthetic air are mixed and heated
to 90 °C prior to the introduction of water. The water is evaporated and mixed with
the hot gases over a static mixer (Sulzer, SMX DN4). The heated steam-air-N2 gas
mixture then flows into the fuel vaporization chamber where the fuel is vaporized
by the heated gas mixture. The fuel is sprayed by an N2-assisted high-pressure
nozzle, generating a fine mist and thereby facilitating the evaporation. The heated
reactant mixture is then introduced into the reactor tube where the monolith is
placed.

The reformate is analyzed using an FTIR instrument, a mass spectrometer and a
gas chromatograph (GC), sequentially. The FTIR instrument (MKS Instruments,
MultigasTM 230 HS) is equipped with a high-speed spectrometer and analyzes
the concentrations of H2O, CO, CO2, CH4, low molecular weight HCs (C2 – C3)
and high molecular weight HCs (C3+, summarized as a diesel fraction) in the
reformate. The GC (Varian, CP-3800) is equipped with a thermal conductivity
detector and two sequential, packed columns, a Porapak and a molecular sieve
(5 Å), and analyzes the H2, CO2, O2, N2 and CO contents of the dry reformate. The
mass spectrometer (V & F Instruments Inc., H-sense) analyzes the concentration
of H2 in the dry reformate.
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a)

b)

c)

d)

Figure 4.2: Blank experiment at O2/C ~ 0.45 and H2O/C ~ 2.5. (a) C1 distribution, (b)
deviation in percentage between C1, in and analyzed C1, out, (c) concentration of H2, out compared
to H2, in and (d) O2 conversion.
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4.1.1 Blank reactor experiments
The reactor tube is made of high-temperature stainless steel (Sandvik, 253 MA).
The composition is chromium and nickel alloyed with nitrogen and rare earth
metals. The material is developed to have high structural stability and high
resistance towards cyclic oxidation at high operating temperatures (maximum
operating temperature 1150 °C). The high resistance towards cycling oxidation gives
the material a low corrosion rate. Additionally, the material has high resistance
towards carburization1, taking place when the metal is in contact with gases
containing HCs at high temperatures [37]. Since the reactor tube is made of stainless
steel and not inert quartz glass, the question of whether the material is catalytically
active or not arises. To evaluate this a blank experiment was performed where the
reactant steam, air and diesel fuel (NExBTL), were passed through the empty
reactor tube at increasing temperature. The ratios between the reactants were
kept constant at O2/C ~ 0.45 and H2O/C ~ 2.5, corresponding to normal ATR
operating conditions. To avoid problems with the FTIR instrument, caused by
high concentrations of diesel and water, the reactant mixture was highly diluted by
N2.

The results from the blank experiment are presented in Fig. 4.2. In Fig. 4.2a,
it can be observed that propane is visible from the very start of the experiment.
Therefore, propane is believed to be a stable cracking product of diesel at low
temperatures. At around 350 °C an increase in CO2 concentration is observed
together with an increase in O2 conversion (Fig. 4.2d). Below 600 °C, only 2 %
hydrogen fed via diesel is analyzed as H2. However, above 600 °C the percentage of
analyzed H2 increases compared to the fed amount of H2 (Fig. 4.2c). The increase
in concentration of H2 occurs at the temperature at which the concentration of
low-molecular weight HCs is increasing. Therefore, it can be assumed that the main
part of the analyzed H2 originates from the formation of unsaturated, low-molecular
weight HCs. In Fig. 4.2b the concentration of C1 in as fuel is compared with the
analyzed concentration of C1 out. Between 700 °C and 850 °C the deviation between
these two values are > 10 %. This can derive from the interference between different
HC species analyzed using the FTIR. The conclusion from the blank experiment is
that the reactor itself may contribute somewhat to the reforming reactions but the
contribution is not significant and can therefore be neglected.

4.1.2 Experimental methodology
The development of catalytic materials in this work does only aim to find and
compare suitable catalytic materials and not to optimize the process parameters.
Therefore, the operating parameters were chosen to make sure that the materials
were evaluated at conditions where differences could be observed. To ensure that
the evaluation was performed in the temperature interval where the reaction is

1Carburization is the incorporation of carbon in the metal structure, causing embrittlement of the
material. A common problem in steam-reforming plants etc. [37].
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kinetically controlled, the materials were tested in the temperature range between
700 °C and 950 °C. The H2O/C and O2/C ratios were kept constant at values based
on full-scale ATR experiments previously performed in our laboratory [34]. The
GHSV was kept ~ 50,000 h-1 to avoid complete fuel conversion and allow comparison
of the catalytic materials. Before the ATR-evaluating experiments the catalytic
materials were treated in flowing N2 at 950 °C for 30 min. The pretreatment
was performed to speed up the rapid initial deactivation often observed at high
temperatures due to sintering of the active metals and support material. By
having this initial treatment the time until a more stable material was achieved
decreased and it was possible to report on stable catalytic performance. The fuels
used in this work have been commercial diesel fuels rather than model fuels e.g.
hexadecane. The main reason behind the decision is the wish to study the catalytic
materials under close to real conditions. A model fuel does not necessarily show real
deactivation due to the homogeneous mixture and lack of both sulfur and additives.

4.2 Integrated experiments combining HC-SCR and fuel
reforming

The fuel reformer’s influences on a HC-SCR system were evaluated in two integrated
reactor setups. The first integrated setup was built in bench-scale where the
influences could be observed in a controlled environment. Meanwhile, the second
setup was built to evaluate the influences under real engine exhaust conditions in
larger scale.

4.2.1 Integrated bench-scale reactor
The HC-SCR reactor consisted of a horizontally mounted quartz tube
(Øinner = 22 mm, l = 600 mm) heated by a high temperature heating tape
(HTS Amptek). The monolith sample was placed close to the outlet of the quartz
tube, maximizing the gas heating. The reactor temperature was measured by a
thermocouple and controlled by a PID controller. The inlet gas flow composition
(200 ppm NO, 10 vol.% O2 from air and N2, balance) was regulated by thermal
mass flow controllers (Bronkhorst® Hi-Tec). The HC used in the SCR reaction was
vaporized in a CEM system (controlled evaporator mixer, Bronkhorst® Hi-Tec).
Steam, equal to an inlet concentration of 5 vol.%, was generated by saturating
N2 in water at elevated temperature. The total inlet gas flow was 3500 cm3/min,
corresponding to a GHSV of 33,200 h-1. The exhaust gases were analyzed by an
FTIR analyzer (MKSTM, 2030 HS).

The hydrogen was produced in the fuel reformer setup (see Sec. 4.1) with
modifications of the gas analysis part. The H2 concentration fed to the HC-SCR was
continuously measured by a mass spectrometer (V & F Instruments Inc., H-sense)
regulated with a needle valve.
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4.2.2 Integrated pilot-scale reactor
The exhaust gases were generated by a genset (DX 6000 TEXL C, Yanmar)
propelled by VSD10. The genset generated an exhaust gas flow of
~ 450 dm3/min (NTP) containing ~ 420 ppm NOx, depending on the operation
mode. The exhaust gases were initially led through a diesel oxidation catalyst
(DOC) (l = 150 mm, Ø = 140 mm) with separate air-assisted diesel injection.
The DOC was used to regulate the temperature of the exhaust gases and thereby
the operating temperature in the HC-SCR. The exhaust gas then passed through
a diesel particulate filter (DPF), removing the particulates still present in the
exhausts, and subsequently into the HC-SCR unit. This unit consisted of two
sequential monoliths (l = 95 mm, Ø = 90 mm, Vtot= 1.2 dm3), resulting in an
approximate GHSV of 22,300 h-1. Prior to the HC-SCR an air-assisted diesel
injection system and a hydrogen injection nozzle were mounted. The gas
composition was measured with an FTIR gas analyzer (MKSTM 2030 HS) equipped
with a sampling pump . The gas composition could be monitored either upstream

Figure 4.4: Integrated pilot-scale reactor setup.
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or downstream of the HC-SCR. The temperature of the exhaust gases was measured
before the HC-SCR. The hydrogen could be fed either from a gas bottle or from
the separate fuel reformer to compare the two hydrogen sources. The fuel reformer
consisted of a vertically mounted stainless steel reactor with external heating. To
avoid bypassing around the monolith, it was wrapped in ceramic tape (Dalfratex)
prior to mounting it in the reactor. The size of the monolith was 9.4 cm3

(l = 30 mm, Ø = 20 mm). The gases (N2 and synthetic air) were regulated
by thermal mass flow controllers (MFC, Brooks Instruments), while the fuel and
water were regulated by Coriolis MFCs (Brooks Instruments). The water and
fuel were introduced and vaporized prior to the reactor. In front of the monolith
a quartz plate was mounted to enhance the mixing of the reactants and ensure
complete evaporation of the liquid reactants. The reformate could either be used
as hydrogen source for the HC-SCR or be analyzed by an IR gas-analyzer system
(Sick Maihak Inc.). The analyzed concentrations were CO, CO2, CH4, O2 and H2
in dry reformate. An overview of the system used in the pilot-scale experiments
can be seen in Fig. 4.4.
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Catalyst materials

5.1 Catalyst preparation

All the catalytic materials evaluated in this work were prepared by the incipient-
wetness method. The method is the simplest and most used method for catalyst
preparation in industry where active metals are added to different supports. The
active phase is first dissolved into water solution and then added dropwise to the
support material. The amount of added metal solution corresponds to the pore
volume of the support, causing a complete filling of the pores. This means that the
metal precursors are transported inside the pores mainly by capillary forces, which
contributes to a well-dispersed metal phase. [31]

In this work the metal precursors were diluted in ultra pure water to a volume
corresponding to twice the pore volume of the support. The metal precursor
solutions were then carefully added to the support dropwise by using a pipette.
This was done until the saturation point was reached. When the saturation point
was reached the support was dried in a drying chamber at 110 °C for at least
3 h prior to repeating the impregnation until using up the metal precursor solution.
The impregnated catalytic powder was calcined in air at 800 °C for 3 h (5 °C/min)
in order to stabilize the powder. The calcined powder was subsequently mixed with
ethanol (approximately 17 wt.% powder) into a slurry and ball milled for at least
24 hours. Ball milling is performed to obtain uniform particle size and to enhance
the viscosity of the slurry in order to increase the adhesion between the catalytic
material and the monolithic substrate.

Monoliths in the desired size were cut out from larger monolith structures with
a scalpel. The monoliths were coated with the catalytic powder by repeatedly
submerging the monoliths in the slurry until ~ 20 wt.% washcoat loading was
achieved. Between dipping the monoliths were carefully blown dry with nitrogen
to avoid clogging of the channels. To ensure complete evaporation of ethanol the
monoliths were placed in a drying chamber at 110 °C for 45 min. The coated
monoliths were calcined in air at 800 °C for 3 h to improve the adhesion between
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monolith and washcoat.

5.2 Characterization

Characterization of catalytic materials is performed in order to measure different
physical and chemical properties both qualitatively and quantitatively. The
characterization results can subsequently be linked to the catalytic activity to gain
a deeper knowledge of the function of the materials

5.2.1 Temperature-programmed methods
In this work three different temperature-programmed methods have been used to
evaluate different bulk properties of the catalytic materials: temperature-
programmed oxidation (TPO), temperature- programmed reduction (TPR) and
temperature-programmed desorption (TPD). The general approach of temperature-
programmed methods is that the catalytic material is exposed to a gas mixture
interacting with the material while the temperature is ramped (normally 5 °C/min)
from ambient temperatures to high temperatures (~ 950 °C).

TPO with oxygen is commonly used to qualitatively and quantitatively analyze
the amount of coke deposited on the catalyst surface during experiments. In TPO
analyses the catalyst is exposed to a gas mixture (5 vol.% O2 in N2) and the resulting
CO2 signal from the oxidation reaction is measured (eq. 5.1). The temperature at
which the coke is oxidized gives valuable insight concerning the position of the coke
species as well as the nature of the coke. Coke oxidizing at higher temperatures is
coke of a more graphitic nature (low H:C ratio) and often found on the support.
Meanwhile, softer coke (high H:C ratio) is oxidized at lower temperatures. Coke
close to the active sites is oxidized at lower temperatures since the oxidation of coke
is catalyzed. By calculating the area under the TPO profile the total amount of
coke deposited can be determined.

TPR is a characterization method to qualitatively and quantitatively analyze
the reducibility of catalytic materials. The catalyst is exposed to a gas mixture
(5 vol.% H2 in Ar). During the experiments the uptake of hydrogen is measured,
corresponding to the reaction in eq. 5.2. The amount of hydrogen uptake and the
temperature for the uptake can give insights on the metal oxides present in the
material as well as the activity of the catalyst. As for TPO the area under the
profile can be calculated and gives the total amount of H2 uptake.

TPD is used to measure the ability of the material to adsorb different species.
An alternative is to adsorb NH3 in order to evaluate the acidity of the catalytic

CxHy + (
y

4
+ x)O2 → xCO2 +

y

2
H2O (5.1)

MOx + xH2 → xH2O +M0 (5.2)
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material. Even though the method is widely used for this purpose one should be
aware that the method is dependent on the experimental conditions used [31]. The
sample is exposed to an NH3-inert mixture (5 vol.% NH3 in helium) for a given time
at ambient temperature. After the material is saturated with NH3 the temperature
is increased while an inert gas (helium) purges the sample. The total amount of
desorbed NH3 is calculated by integrating the area under the TPD profile.

5.2.2 Surface area and pore size measurements
The internal surface area (BET specific surface area) of a porous material can
be measured by adsorption of N2 at the temperature of liquid N2. The same
measurements can be used to obtain information on the pore volume and pore
distribution of the material. By correlating the adsorbed volume of N2 at a given
partial pressure, the volume adsorbed at monolayer coverage can be calculated
according to the discovery by Brunauer, Emmett and Teller in 1938 [38]. From the
volume of a monolayer the surface area can be determined by calculation of the
number of N2 molecules, knowing that each molecule occupies a certain area.

5.2.3 Powder X-ray diffraction
Powder X-ray diffraction (XRD) is a powerful tool for analyzing the bulk
crystallinity of a catalytic material. The method is based on the fact that a
crystalline material consists of repetitive atomic arrangements. These atom
arrangements diffract the X-rays in the same way giving a positive interference
and the emergence of peaks. An amorphous material on the other hand consists
of randomly arranged atoms and no interference occurs. Each species has its
unique XRD fingerprint and by comparing the obtained diffractogram with known
diffractograms it is possible to characterize an unknown material. By applying
the Scherrer equation together with an assumption of the shape of the crystallites
the crystallite size for observed species can be calculated. However, the largest
limitations with the technique are that the crystallite size needs to be at least
3 – 5 nm and the species normally needs to be present in a larger concentration
than 1 %. [31]

5.2.4 Transmission and scanning electron microscopy
Electron microscopy is a widely used characterization method in catalysis. The
method enables imaging of the catalytic surface and thereby determination of
the size and shape of the supported particles. There are three different types of
microscopy techniques available: transmission electron microscopy (TEM),
scanning electron microscopy (SEM) and scanning transmission electron
microscopy (STEM).

In TEM the transmitted and diffracted electrons are detected. The images
produced are two-dimensional with a resolution of ~ 0.3 nm. To allow the study
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of supported particles the contrast between the support and particles needs to
be sufficient i.e. they cannot have similar atomic weight. Another thing causing
the discernment to be difficult is highly dispersed particles. In SEM the yield of
secondary and backscattered electrons is analyzed which reveals the topography of
the material (three-dimensional image). The normal resolution of SEM is
3 to 10 nm. By combining the two previously mentioned techniques STEM is
obtained. With STEM it is possible to obtain element mapping. By combining the
different imaging techniques with EDS (energy-dispersive X-ray spectroscopy) it is
possible to analyze the chemical composition in a specific point of the material. [39]



Part III

Results and Discussion
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Chapter 6

Catalyst development for fuel reforming
(Papers I-III, V)

Alumina is the most commonly used support material in the field of ATR of
transport fuels. However, there are many reports where other support materials
have been used e.g. oxygen-conductive supports (CeO2, ZrO2 and LaGaO3) mixed-
metal oxides such as perovskites (ABO3) and pyrochlores (A2B2O7) [8]. In a study
performed by Karatzas et al. [40] four different oxide supports were evaluated for
ATR of diesel (CeO2-ZrO2, Al2O3, SiO2 and TiO2). In the study ceria-zirconia was
pointed out as the most suitable support for ATR of diesel, due to enhanced H2
yield and fuel conversion. Ceria is a well-known catalytic support material and has
been used in three-way catalysts for many years. The main characteristic of ceria
is its oxygen storage capacity (OSC), a term that was introduced by Yao et al. [35]
in the early 80’s. The OSC refers to a material’s ability to store oxygen during lean
conditions (oxygen surplus) and releasing it again under rich conditions (oxygen
deficient). This behavior enables three-way catalysts to simultaneously reduce CO,
HCs and NOx at operating conditions fluctuating around the stoichiometric point.
The OSC of ceria is due to the species’ capability to easily change oxidation number
between 3 and 4 according to reaction 6.1. The ability of ceria to store or release
oxygen, depending on the operating conditions, is advantageous in fuel reforming
catalysis as well. The OSC gives the material enhanced transportation of bulk
oxygen, enabling gasification of coke during operation and thereby limiting the coke
formation. Moreover, ceria is known to promote steam reforming through reaction
6.2. In addition, ceria is the most basic oxide, which is beneficial for limiting the
coke formation during operation, since acidity is known to cause coking. The main
issue is that ceria is not thermally stable and the pore structure readily collapses
at higher temperatures. However, by mixing ceria with zirconia (CeO2-ZrO2) at
different ratios the thermal stability is significantly increased [41]. On the other
hand, by mixing ceria with zirconia the material becomes more acidic, which might
cause higher coking rates [42].
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2
+IV

CeO2 +CO⇋
+III

Ce2O3 +CO2 (6.1)

HxCy + yH2O
CeO2ÐÐÐ→ (x

2
+ y)H2 + yCO (6.2)

6.1 High rhodium-loaded catalysts (Papers I, V)

To confirm the findings in the study performed by Karatzas et al. [40] an extended
study where CeO2-ZrO2 and promoted alumina were compared was initiated. The
materials chosen for this study were: 3 wt.% Rh supported on high-surface area
CeO2-ZrO2 (16.5 wt.% CeO2) and 3 wt.% Rh supported on δ-Al2O3 (promoted
with lanthanum and ceria). The catalysts were aged for approximately 65 h to
evaluate their catalytic activity. After approximately 50 h of operation a TPO
analysis was performed to evaluate the amount of deposited coke. Generally, it
is said that a more acidic catalyst is more prone to coke. In addition, the coke
formed on a more acidic catalyst has a more graphitic nature and is harder to
oxidize. The more graphitic nature can be linked to the higher C – C breaking
activity, which increases the formation of coke precursors. To evaluate if this is
true also in ATR of diesel, the acidity of the fresh catalysts was analyzed using
NH3-TPD. In the aging experiments it was observed that the fuel conversion of
the two materials were comparable and followed the same behavior (Fig. 6.1a).
However, when the H2 yield was compared a 10 % higher yield could be observed
for CeO2-ZrO2 throughout the evaluation time (Fig. 6.1b). The difference in ceria
content between the two materials could be an explanation, especially since ceria
is known to catalyze steam reforming of HCs. A contributing reason could be
that the ceria content of the alumina is transformed into CeAlO3, which would
mean that steam reforming activity would be lost [43]. Another possible reason
for the deviation in H2 yield could be the differences in O2 conversion over time
(Fig. 6.1c). The O2 conversion for CeO2-ZrO2 is stable around 95 % while the
conversion for the alumina material drops from the initial 95 % to 80 %. The cause
of this decrease can only be speculated on. One suggestion is that the activity of
the partial oxidation reaction decreases. If the partial oxidation is performed to
a lesser extent, the HCs that are steam reformed are larger and harder to steam
reform.

When the adsorption of NH3 for the two catalytic materials was evaluated,
alumina adsorbed more than double the amount of NH3 compared to CeO2-ZrO2
(Fig. 6.2a and Table 6.1). None of the materials desorbed NH3 above 400 °C,
corresponding to strong Brønsted sites [44, 45]. However, both of the materials
have desorption peaks below 400 °C which can be associated with weak Brønsted
sites [44, 46]. Therefore, it was concluded that the nature of the acid sites are the
same for the two materials but the number of acid sites is twice as large for the
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a)

b)

c)

Figure 6.1: Catalytic performance of promoted (●) δ-Al2O3 and (∎) CeO2-ZrO2, (a) fuel
conversion, (b) H2 yield and (c) O2 conversion.
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promoted alumina material. This is in line with what was expected since alumina
is considered an acidic support while CeO2-ZrO2 is a basic support. The acidity of
the materials greatly influenced the coking behavior of the two materials. The more
acidic alumina cokes to a higher extent than the more basic CeO2-ZrO2 (Fig. 6.2b
and Table 6.1). The type of coke deposited on the two materials differs as well. The
coke deposited on CeO2-ZrO2 oxidizes at lower temperature, indicating a higher
H:C ratio. Meanwhile, the coke on the alumina is oxidized at higher temperatures,
indicating a more graphitic type of coke (low H:C ratio).

(a) (b)

Figure 6.2: Characterization results (a) NH3-TPD profiles of fresh catalytic materials, and (b)
TPO profiles after ~ 50 h of operation.

Table 6.1: Results from TPO (after ~ 50 h of operation) and NH3-TPD (fresh catalytic material)
analyses.

Support material Adsorbed NH3 Deposited coke1

a.u.

CeO2-ZrO2 7.5 1.8
Promoted δ-Al2O3 17.7 8.4

1The amount of coke is normalized compared to the results reported in Paper III.
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6.2 Low rhodium-loaded catalysts (Papers II-III)

The main objective of this thesis was to find a promoter that could replace part
of the Rh content without compromising the catalytic activity. As reference for
catalytic activity the catalyst loaded with a larger amount of Rh (3 wt.% Rh
supported on CeO2-ZrO2) was chosen. A significant decrease in activity has been
observed when decreasing the Rh content from 3 wt.% to 1 wt.%. [27, 47].
Nevertheless, the aim was to decrease the Rh content by 2/3 i.e. from 3 wt.% Rh to
1 wt.% Rh, by substituting part of the Rh content with a less expensive transition
metal, a promoter. Three transition metals were chosen as potential promoter
candidates based on previously reported results in the field or adjacent fields. The
three promoter candidates were: cobalt, lanthanum and manganese. Cobalt was
chosen since it is a known oxidation catalyst with multiple oxidation numbers.
Cobalt has also been reported to have high reforming activity together with Rh
due to a favorable metal interaction between the two species [48]. Lanthanum was
chosen based on previously reported high resistance to coking and low selectivity
towards other HC species during reforming [49]. In addition, lanthanum is expected
to increase the material’s OSC due to an increase of oxygen vacancies [50]. Lastly,
manganese was chosen due to promising results previously observed in our
laboratory [27]. The study did not include optimization of promoter loading.
However, the promoter loading (6 wt.%) is based on results from pre-experiments
where three promoter loadings were evaluated (3 wt.%, 6 wt.% and 9 wt.%).
The results revealed a volcano-shaped correlation between promoter loading and
catalytic activity, where 6 wt.% proved to the most beneficial loading.

The three catalytic materials (1 wt.% Rh and 6 wt.% promoter supported
on high-surface area CeO2-ZrO2) were aged for approximately 35 h on stream.
(Fig. 6.3). Included in the graphs (the dashed line) is the activity of the reference
catalyst (3 wt.% Rh/CeO2-ZrO2) for comparison. To have a deeper knowledge of
what affects the catalyst activity the catalytic materials were thoroughly
characterized. In Fig. 6.3a and Fig. 6.3b it can be noticed that promotion with
both cobalt and lanthanum actually increases the catalytic activity compared to the
reference catalyst. Meanwhile, promotion with manganese is not that successful.
The deactivation pattern of the lanthanum-promoted sample and the reference
sample are similar with a faster initial deactivation followed by stabilization of
the catalytic activity. The sample promoted with cobalt displays a different aging
behavior. The material is initially activated, reaching the highest catalytic activity
after 10 h of operation. However, the catalytic activity then rapidly decreases
again after 25 h of operation. This behavior, with initial activation followed by
rapid deactivation, has been observed for bimetallic catalysts where rhodium is
combined with cobalt for ATR of fuels [51]. In that study it was concluded that
the deactivation was most likely due to significant coking of the catalyst.
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(a) (b)

Figure 6.3: Catalytic activity of low Rh-loaded catalysts (1 wt.% Rh) supported on CeO2-ZrO2
compared to the high Rh-loaded catalyst, (a) fuel conversion and (b) H2 yield. The promoted
catalyst materials are denoted as: (●) Co-promoted, (∎) La-promoted, (▲) Mn-promoted and 3
wt.% Rh (- - -).

6.2.1 Characterization of low rhodium-loaded catalysts
In order to understand the differences between the promoted catalysts, as well as
the main deactivation mechanisms involved, the catalytic materials were extensively
characterized. The promoted materials were characterized at three different stages:
as prepared, after thermal aging in air at 950 °C, and after ~ 35 h of operation. The
thermal aging experiments clearly showed an improved thermal resistance of the
material promoted with lanthanum. The surface area of the lanthanum-promoted
material decreased by 15 % while the surface area of unpromoted CeO2-ZrO2
decreased by 23 %. Lanthanum’s stabilizing properties were also observed in
the sample using XRD analysis after time on stream. The crystal growth of the
CeO2-ZrO2 was significantly smaller for the lanthanum-promoted material than for
the other two materials. TEM imaging of the La-promoted material revealed large
differences between fresh and aged sample (Fig. 6.4a and Fig. 6.4b). In the fresh
sample it is easy to distinguish the different crystals of CeO2-ZrO2. The image of
the aged sample shows a completely different structure. In the aged sample the
CeO2-ZrO2 crystals are embedded in an amorphous layer. Whether the amorphous
layer consists of pure La2O3 or if ceria is dissolved into this layer is not fully
understood. The formation of the amorphous layer is thought to be the reason for
the improved thermal stability, inhibiting crystal growth. For the fresh La- and
Mn- promoted materials it was not possible to detect Rh or promoter particles
with XRD or with TEM. The reason for the lack of peaks in the XRD is most likely
due to the detection limitations of the instrument and well-dispersed metals. The
theory assuming well-dispersed metals of the two materials was supported by TEM
and STEM-EDS analyses. However, for the Co-promoted material a peak for cobalt
was detected using XRD and the average particle size could be determined to be
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(a) (b)

(c) (d)

(e) (f)

Figure 6.4: TEM images of: (a) fresh La-promoted material and (b) aged La-promoted material,
(c) a Rh-Co alloy in fresh Co-promoted material, (d) coke on aged Co-promoted material, (e) Rh
and Mn particles in aged Mn-promoted material, and (f) coke on aged Mn-promoted material.
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14.9 nm. These Co particles were also observed with TEM, and with EDS it
was seen that there were traces of Rh on the particles as well (Fig. 6.4c). After
35 h of operation the catalytic materials were characterized again using electron
microscopy and XRD. An agglomeration of both rhodium and manganese was
visible in the Mn-promoted material (Fig. 6.4e). The Mn-particles were in the
size range /linebreak 5 – 15 nm and the Rh particles around 1 – 5 nm. After
time on stream, a doubling of the average particle size was visible for the Rh-Co
alloys in the Co-promoted sample. The TPR of aged material also showed an
additional peak compared to the fresh material, suggesting the formation of pure
Rh particles during operation. The amount of deposited coke was measured after 35
h of operation with TPO (Fig. 6.5 and Table 6.2). As can be observed, promotion
with cobalt increases the coke formation compared to the reference material (3 wt.%
Rh). Meanwhile promotion with lanthanum decreases the formation of coke. The
increased coking of the cobalt-promoted material is not surprising since cobalt is
known to coke extensively. However, the coking is significantly lessened when cobalt
is combined with rhodium [48]. In addition to increased coking the Co-promoted
material displays a completely different pattern of coking compared to the other
promoted materials (Fig. 6.5). There are no clear oxidation peaks visible for
different types and positions of coke, instead an evenly distributed oxidation of coke
is observed. The coke is not completely oxidized after the TPO and traces could be
found afterwards using TEM (Fig. 6.4d). The extensive coking and the residues of
coke after TPO suggest that coking is the main reason for the deactivation visible
after 25 h of operation.

As well as exhibiting decreased coking the La-promoted material has a TPO
profile similar to the reference material with two distinct oxidation peaks. However,
there is an additional peak above 800 °C visible in the profile of the promoted
sample. Whether the additional peak is caused by oxidation of coke or by something
else is not clearly understood yet. It might be the result of decomposition of

Table 6.2: Total amount of deposited coke on the promoted low Rh-loaded catalysts (1 wt.%
Rh).

Support material Deposited
coke

a.u.

Co-promoted 2.3
La-promoted 1.3
Mn-promoted 1.8
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Figure 6.5: Temperature-programmed oxidation profiles of the promoted low Rh-loaded catalysts
(1 wt.% Rh) after ~ 35 h of operation.

lanthanum dioxycarbonate (La2O3CO3), which is easily formed when lanthanum is
exposed to H2O and CO2 at high temperatures [52]. In addition, the ratio between
the two main peaks differs significantly. The coke amount deposited in the vicinity
of rhodium sites, i.e. the first oxidizing peak, is roughly the same for all materials.
The large difference is in the amount deposited on the support of the material.
Promotion with lanthanum reduces the amount of coke on the support by almost
50 % compared to the reference material. The decreased amount of coke in the
La-promoted sample is believed to be caused by the increased OSC of the material
[50].





Chapter 7

Fuel reformer development (Paper IV )

One of the main issues with autothermal reforming of fuel, apart from the catalytic
material, is the design of the reactor itself. Even though a monolithic tubular
reactor is the most commonly used reactor design in the area, the design has many
issues that need to be addressed. This is especially true when designing full-scale
fuel reformers [53]. One of the most critical design aspects is the evaporation of the
fuel [54]. Diesel fuels, which are used in this work, evaporate in the temperature
interval of 180 °C to 360 °C. The wide temperature range for evaporation is due
to the complex mixture of HCs present in diesel. The temperatures needed to
evaporate the fuel may also crack the HCs into smaller fragments, causing coke
formation and blocking the fuel nozzle. Another aspect that has to be considered is
that as soon as the fuel hits a hot surface it is decomposed to coke. Therefore, the
most common solution for fuel evaporation is to use different kinds of nozzles. By
making a fine mist of the fuel it is easier to evaporate in a satisfactory way without
carbon deposition [53]. Besides evaporation of the fuel, it is crucial to achieve
sufficient mixing of the reactants, prior to the catalyst, without self ignition to
achieve stable operating conditions in the fuel reformer, as found by Karatzas et al.
[53]. In their study it was shown that the formation of stagnant zones in the mixing
zone was detrimental to achieving stable operating conditions.

After the mixing zone the reactant mixture reaches the monolith and the
catalytic zone. It is important that enough heat is generated in the first part
of the reactor to obtain autothermal operation of the reformer. This means that
a full-scale ATR fuel reformer is operating slightly exothermic to compensate for
heat losses. As a consequence of the initial, fast oxidation of available oxygen at the
front part of the monolith, it is exposed to extreme stress in terms of temperatures.
The high temperatures together with high-molecular weight HCs are also a threat
in terms of coke deposition. The heat developed in the first part is then consumed
in the second part where steam reforming dominates.

In a tubular monolithic reactor the two reaction zones are connected linearly.
This implies that the heat in the reactor is transported mainly with the reactant
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(a)

(b)

Figure 7.1: Design of micro reactor with multiple air inlets (a) the welded micro reactor prior to
mounting of the outer shell, and (b) schematic picture of one micro-structured foil. The reactor
consisted of 8 micro-structured foils, each containing 27 reaction channels.

stream. Monoliths offer good heat and mass transport due to the channel structure.
The heat transfer can be further increased by using metallic monoliths, due to better
heat conductivity of metals compared to ceramic materials. However, one of the
main problems connected with using metallic substrates is to obtain good enough
adhesion to the washcoat layer to avoid loss of washcoat during operation [55].

There have been several attempts to find the best solution of coping with the
typical temperature profile of ATR monolith reactors (see Sec. 3.1). Karatzas
et al. [47] performed a study where the monoliths were zone-coated in order to
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adapt the sequential reactions in an ATR reactor. The monolith was coated with
a washcoat containing Rh/Pt in the first part and Rh in the second part. The
catalyst composition displayed the highest fuel conversion and H2 yield of the
catalysts evaluated in bench scale. From the full-scale experiments a relatively small
temperature difference (~ 50 °C) between the partial oxidation and steam-reforming
zones was observed. Another study performed by Beretta et al. [25] focused on
limiting the initial partial oxidation reaction. Partial oxidation is a rapid reaction
taking place readily at high temperatures and therefore controlled by external mass
transfer at the current temperatures. By decreasing the cell density, cpsi (cells per
square inch) in the front part of the monolith the mass transport plays a larger role
in the reaction, due to increased distance. The result of the study was a decrease in
the initial temperature increase and a smoother temperature profile was achieved,
suggesting a slow-down of the partial oxidation reaction.

The micro reactors is another attractive alternative for fuel reformers. The main
advantages are high heat and mass transfer, good contact between the phases, high
efficiency and compact design. All the mentioned properties are important in an
on-board fuel reformer, where compact design is one of the most important factors
due to the limited space [56]. In addition, micro reactors can be designed in many
ways and this enables further possibilities of improving the heat integration. A novel
micro reactor designed especially for ATR of fuel was developed in cooperation with
the Institute for Micro Process Engineering at Karlsruhe Institute of Technology
in Germany (Fig. 7.1) [57]. The new reactor was built to reduce the main issues
connected with ATR in monolith reactors.

• Improved heat transfer between partial oxidation and steam reforming by
increased complexity of the reformer design

– Metallic structure
– Redirection of the reactant flow to couple the partial oxidation and steam

reforming in the vertical direction as well as in the linear direction

• Decrease the initial temperature increase and provide a more distributed heat
evolution

– Introducing fresh air at multiple positions (1 main + 3 additional) along
the reactor length. The thought was to have four sequential reaction zones
(partial oxidation and steam reforming) instead of one reaction zone as
usually, thereby increasing the heat transfer.

As it turned out, the pressure drop in the micro reactor was a huge problem that
caused the experimental evaluation to become cumbersome. This is something
that needs to be addressed in future micro reactor designs since pressure drops
in vehicle applications are highly undesired. In addition, problems also occurred
connected with the manufacturing of the reactor and making it gas tight. Coating
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(a) (b)

Figure 7.2: Catalytic performance of monolith reactor and micro reactor at ~ 50,000 h-1, O2/C
~ 0.45 and H2O/C ~ 2.5, (a) fuel conversion and (b) H2 yield. The graphs are notated: (●) micro
reactor and (∎) monolith reactor.

the catalytic material was difficult since it had to be executed after welding to avoid
damaging the catalyst. Due to limitations in the external heating device for the
micro reactor it was not possible to obtain temperatures above 800 °C.

7.1 Evaluation of the heat integration in the micro reactor

The heat integration in the micro reactor was evaluated by dosing air only through
the main air inlet. As can be observed in Fig. 7.2, the fuel conversion in the two
reactors differs significantly. The monolith reactor exhibits a typical conversion
pattern where increased temperature leads to higher conversion as a consequence of
higher reaction rate. This continues until approximately 800 °C, where it stabilizes
and increased temperature does not improve the conversion. This is a sign of
the reaction becoming limited by external mass transport rather than reaction
controlled, i.e. the rate of reaction is not the limiting step but instead the diffusion
of reactants and products in and out from the active sites. If the fuel conversion
in the micro reactor is considered it displays a completely different pattern. The
fuel conversion is still increasing at 800 °C. The fuel slip for the micro reactor was
considerable and was probably caused by uneven coating of the catalytic material
inside the reaction channels.

Another surprising effect of the micro reactor design is visualized in the H2 yield
(Fig. 7.2b). Even though a fuel slip was observed for the micro reactor, the H2
yield is not significantly lower than for the monolith reactor. This indicates that
the heat integration is enhanced compared to the monolith reactor and that the
steam reforming is taking place at a higher temperature, hence a high H2 yield is
observed.
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7.2 Evaluation of multiple air inlets

To evaluate the effect of dosing air via multiple inlets three cases were evaluated.
In case 1 the air was fed only through the main inlet, which is referred to as the
reference case. In case 2 the air feed was distributed equally between the four inlets
i.e. 25 % of the air feed through each inlet. Finally, in case 3 most of the air was
fed through the main inlet (70 %) and 10 % each through the other three inlets.

The three cases display a clear trend, the fresh oxygen is more prone to react
with the hydrogen present than to partially oxidize the HCs present in the reactant
mixture (Fig. 7.3). The result was surprising and was not something that was
thought of in the design phase of the reactor. The benefits with dosing air along
the reactor in bench-scale seemed to be limited. One reason for this is thought to be
that the bench-scale reactor is heated externally and not operating autothermally.
It was not possible to monitor the temperature inside the micro reactor to confirm
that there was a temperature increase at each air inlet. In order to draw conclusions
concerning whether distributed air dosing is beneficial or not, the reactor needs to be
run autothermally. Thus, in an ATR reactor it might be beneficial with distributed
air dosing and sacrificing some hydrogen in order to gain some more hydrogen by
increasing the temperature in the steam-reforming regions of the reactor.

(a) (b)

Figure 7.3: Consequences of using multiple air inlets at GHSV ~ 40,000 h-1, O2/C ~ 0.45 and
H2O/C ~ 2.5, (a) fuel conversion and (b) H2 yield. The percentage ratio between the inlets is
denoted as inlet1/inlet2/inlet3/inlet4, case (1) 100/0/0/0, (2) 25/25/25/25 and (3) 70/10/10/10.





Chapter 8

Reformate’s influence on NOx reduction
(Paper V )

There have been limited studies reported previously in the literature on the
reformate’s effect on the HC-SCR process. However, similar experiments as the one
reported here have been performed [58, 59, 60, 61]. The main difference between
this study and previous studies is the focus. The study in Paper V focuses on the
catalytic performance while the previous ones have more of an engine perspective
and uses commercial catalysts. The study of the reformate’s effect on the HC-SCR
performance was evaluated in two steps; (i) a controlled bench-scale reactor where
the H2 concentration in the reformate was measured on-line and the volumetric flow
was adjusted to achieve the desired concentration into the HC-SCR (see Sec. 4.2.1)
and subsequently (ii) in a pilot-scale reactor where NOx was reduced from real diesel
engine exhausts (see Sec. 4.2.2). The HC-SCR catalyst used in both bench and
pilot scale experiments was a 4 wt.% Ag supported on Al2O3, spiked with 100 ppm
platinum. The Ag/Al2O3 catalysts spiked with platinum have previously been
thoroughly evaluated in bench-scale with bottled H2 using n-octane as reducing
agent [62]. The reducing agent in the HC-SCR experiments was NExBTL.

8.1 Reformate composition

There are several factors affecting the composition of the reformate, where the main
factors are the operating parameters, the fuel and the catalytic material. To ensure
a high and stable H2 yield the high Rh-loaded catalytic material
(3 wt.% Rh/CeO2-ZrO2) was chosen for the integration experiments. The fuel
used in the fuel reformer was NExBTL. In order to have detailed information on the
composition of the reformate at the specific operating conditions
(H2O/C ~ 2.5, O2/C ~ 0.45, temperature = 750 °C and GHSV ~ 20,000 h-1),
the catalyst was subjected to aging and evaluation (see Sec. 6.1). The typical
composition of reformate is displayed in Fig. 8.1. As can be observed there is a
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Figure 8.1: Typical by-product concentrations in the reformate of a 3 wt.%/CeO2-ZrO2 catalyst
operating at H2O/C ∼ 2.5, O2/C ∼ 0.45 and GHSV ∼ 20,000 h-1. The HC species are denoted:
diesel (●), CH4 (∎), ethene (▼) and propene (▶).

considerable concentration of short-chained HCs present, besides hydrogen.

8.2 Integrated bench-scale experiments

In bench-scale the NOx reduction was investigated at steady-state conditions
between 225 °C and 400 °C with 4 different H2 concentrations supplied by the
fuel reformer (0 ppm, 1000 ppm, 1500 ppm and 3250 ppm H2). In reality, a H2
concentration higher than 1000 ppm is not viable due to unacceptable fuel penalties
[11, 12]. When considering the results from the bench-scale experiments (Fig. 8.2)
a clear improvement in NOx reduction is observed when the reformate is added.
The improvement in NOx reduction is continued with higher H2 concentrations.
However, the effect of H2 concentration decreases above 375 °C. The main reason
is probably oxidation of hydrogen rather than participation in the NOx reducing
reactions. When the results with reformate are compared with previous results from
experiments with H2 supplied by a bottle a significant improvement is observed
[62]. With a H2 concentration of 1000 ppm from reformate the highest conversion,
50 %, is achieved at around 275 °C. Conversion above 50 % is achieved at a
temperature 50 °C higher for experiments with H2 from a bottle. The light-off
temperature for the HC-SCR is shifted towards lower temperatures when reformate
is used. The improvement observed when using reformate compared to H2 from
a bottle can be derived from the composition of the reformate. The presence of a
considerable amount of low molecular weight HCs in the reformate increases the
actual C/N ratio slightly. However, the increase of the total C1 concentration is
minor (40 – 150 ppm depending on H2 concentration) and is probably just one of
the reasons for the increased activity. Another reason is probably the introduction
of stronger reducing agents i.e. propene [63].
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Figure 8.2: NOx reduction results from bench-scale experiments depending on temperature and
hydrogen concentration. The different hydrogen concentrations are denoted as 0 ppm (∎), 1000
ppm (●), 1500 ppm (▲) and 3250 ppm (▼).

8.3 Integrated pilot-scale experiments

The HC-SCR catalyst was sequentially scaled up and evaluated in real diesel engine
exhausts. Since the HC-SCR catalyst was neither evaluated in pilot scale nor
in exhausts previously, the hydrogen could either be taken from bottle or the
separate fuel reformer. The two options for hydrogen feed enabled evaluation of
the reformate’s effect of the NOx conversion in pilot scale as well.

There were limitations in the evaporation of diesel and water in the fuel reformer
during pilot-scale experiments. Due to these limitations, the operating conditions
had to be changed to spare the catalyst. The H2O/C ratio was increased to 3.8
to limit the damage potentially caused by the catalyst coming into contact with
liquid diesel. During the experiments the fuel reformer was set to operate at two
operating points, referred to as the low and the high operating point. At the low
operating point the fuel reformer delivered hydrogen corresponding to ~ 1200 ppm
H2 in the exhaust gas feed, while at the high operating point a concentration of
~ 2000 ppm H2 in the exhaust feed was achieved. The temperature used in the fuel
reformer in these experiments was also increased to 800 °C for the low point and
850 °C for the high point.

Even though the NOx conversions were lower in pilot scale compared to bench-
scale the positive effect of reformate on the NOx reduction could still be observed.
Since the operating conditions were less stable compared to those in bench-scale the
positive effect was less clear. The most interesting operating points of the pilot-scale
experiments are the reformate points with ~ 2000 ppm H2 and the bottled hydrogen
at ~ 2800 ppm (Fig. 8.3). Here the positive effect of reformate is clearly visible.
Though the H2 concentration supplied from the fuel reformer is almost 30 % lower
than the H2 concentration supplied by bottle the NOx conversions are comparable.
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Figure 8.3: NOx conversion results from the pilot-scale experiments. The open markers denote
experiments performed with hydrogen from reformer ~ 1200 ppm (◯) and ~ 2000 ppm (◇) . The
filled markers denote experiments with H2 from bottle (~ 1400 ppm (●), ~ 2800 ppm (▲) and ~
7000 ppm (▼).



Concluding remarks and future outlook

Even though reforming is a well-established technology for producing hydrogen-rich
gas from hydrocarbons there are several areas that need improvement. This is
especially true when it comes to fuel reforming in mobile applications where other
issues arise compared to reforming of natural gas in stationary reforming plants.
In mobile applications constant vibration is one of the differences. If the reformer
is supplying hydrogen to a FC-APU the frequent startups and shutdowns need
to be considered. If the fuel reformer is generating hydrogen for an HC-SCR the
fluctuations in exhaust volumetric flows, due to changes in the driving mode, need
to be considered. The fuel reformer also has to be able to generate high H2 yields
from a variety of fuels to be a viable option.

The catalysts used for fuel reforming need to be more robust and have high
tolerance towards sulfur and additives present in commercial fuels compared to
catalysts used in reforming of natural gas. In this thesis we showed that by changing
the support from the traditionally used alumina to CeO2-ZrO2 a catalyst with less
tendency to coke was achieved. In addition, the H2 yield was improved by using
CeO2-ZrO2, instead of alumina, as support. Furthermore, the catalytic material
needs to be robust and to be able to withstand different poisonous species, which
often means a PGM metal as active metal. The PGMs are expensive and the
catalytic material should also be economically viable; the largest impact factor on
the price is the PGM content. Therefore, one of the main goals during this study
was to find a less expensive transition metal to replace part of the PGM metal
(in this work rhodium is used) without sacrificing catalyst activity. The goal was
to decrease the rhodium content by 2/3 from 3 wt.% to 1 wt.%.

Three transition metals were chosen as potential candidates: cobalt, lanthanum
and manganese. The materials were evaluated and characterized thoroughly. In
the end it was concluded that promotion with lanthanum was the most promising
alternative. The material displayed a high fuel conversion and H2 yield even though
the rhodium content was decreased. The catalyst also showed improved thermal
stability compared to unpromoted CeO2-ZrO2. The improved thermal stability was
due to lanthanum forming an amorphous layer around each CeO2-ZrO2 particle,
inhibiting particle growth. These amorphous layers also proved to inhibit the
growth of the rhodium particles. Furthermore, the lanthanum-promoted material
had significantly lower coking tendency compared to the other two promoted
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materials. When the lanthanum-promoted material was compared to an
unpromoted material, a decrease in coke deposited on the support could be
observed. This improvement is attributed to the enhanced oxygen storage capacity
due to impregnation with lanthanum. The study displayed that rhodium in
combination with lanthanum supported on CeO2-ZrO2 has great potential as
catalytic material in fuel reforming. In addition, the study gives clear evidence
that the oxygen storage capacity is of great importance for fuel reforming catalysts.
However, there is still work left on further decreasing the rhodium content and
optimizing the ratio between rhodium and lanthanum in order to find the optimal
compromise between price and activity.

It is not only the catalytic material that influences the price of the fuel reformer
but also the design of the reformer itself. Onboard a HD vehicle the space is limited
so the unit needs to be as compact as possible. In catalyst research the evaluation of
materials is generally performed in packed bed reactors. However, for fuel reforming
most evaluations are performed with the material supported on monoliths, in order
to be as close to the real conditions as possible. The reason for monoliths being
used for fuel reforming is that monoliths can endure the constant vibration present
in HD trucks, while a packed bed reactor would not. In addition, the pressure drop
over a monolith is almost negligible due to the channel structure.

However, there are disadvantages with monoliths as well and one is the heat
integration. Heat can only be transferred in the linear direction with the gas flow.
This is a drawback due to the sequential reaction scheme of autothermal reforming,
with the initial exothermic partial oxidation and the subsequent endothermic steam
reforming. The heat from the partial oxidation needs to be transferred to the second
steam reforming part to obtain high H2 yield. In addition, the sequential reaction
mode gives rise to a large temperature increase in the beginning, exposing the
catalyst material to extreme thermal stress. A potential way of improving the
heat integration is to use micro reactors instead. The largest advantage with micro
reactors is that the design of them can be very advanced in order to enhance certain
characteristics.

The micro reactor built during the course of this work was designed to improve
the heat integration of a fuel reformer. The idea was to have countercurrent gas
flow, in order to obtain vertical heat transfer as well as horizontal. In addition, the
micro reactor has four air inlets, placed along the reactor channels. The idea was
to divide the reformer into four small reaction zones instead of the normal single
reaction zone and thereby improve the heat integration. The evaluation of the micro
reactor was difficult due to problems in achieving a homogeneous washcoat layer
during coating. This caused a large diesel slip due to uncoated channels. However,
the greatest challenge was the significant pressure drop, sometimes several bars,
over the micro reactor. However, even though the evaluation of the micro reactor
was cumbersome some interesting results were found. The idea with countercurrent
gas flow proved to be beneficial and a high H2 yield was accomplished despite a high
diesel slip. To our disappointment, no positive effects of dosing the air in multiple
places could be monitored in our externally heated bench-scale reactor. The freshly
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introduced oxygen in air reacted rapidly with the previously generated hydrogen,
decreasing the H2 yield. However, we cannot exclude that air dosing at multiple
positions would be beneficial in a real internally heated autothermal reactor.

Future work on micro reactors for fuel reforming has to include alternatives for
decreasing the pressure drop by increasing the channel sizes without compromising
the heat and mass transfer. Also the coating technique needs to be improved to
achieve a homogeneous washcoat layer to avoid high diesel slip.

The hydrogen produced in the fuel reformer is used as additive or fuel in other
applications and therefore it is important to evaluate the effect on these. The main
application for the produced hydrogen is in fuel cells. However, the integration
between a fuel reformer and fuel cell is not included in this work. Instead the
effect of the produced hydrogen on HC-SCR is thoroughly investigated. The effect
was evaluated both in controlled bench-scale experiments as well as in pilot-scale
experiments with real diesel engine exhausts. The evaluation revealed a clear
positive effect of adding hydrogen produced in a fuel reformer compared to pure
hydrogen. The positive effect is caused by the additional low molecular weight
hydrocarbons present in the reformate. Their presence does not improve the C/N
ratio significantly but some of these HCs are very strong reducing agents.

The work illustrates some of the aspects of fuel reforming where both benefits
and potential areas of improvements have been pointed out. The aim is to illustrate
a possible option for reducing the total emissions from HD trucks. The author does
not claim that fuel reforming is the only solution but is confident that it is a solution
with great potential and adaptability.
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