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This chapter reviews recent studies of catalytic reforming of logistic fuels at high-
temperature. Aside from steam and autothermal reforming, special consideration
is given to partial oxidation conditions. Natural gas, gasoline, diesel, and
ethanol containing fuels are discussed. Methane and iso-octane as fuel surrogates
are exemplarily used to explain the behavior of the reformers in particular
focusing on the interaction of heterogeneous and homogeneous chemical
reactions and mass and heat transport. As catalyst of choice for reforming,
rhodium-based systems are in the focus of this review but alternate catalysts are
noted as well.

1 Introduction

Recently a variety of studies has been published with the focus on hydrogen
production from logistic transportation fuels by catalytic reforming at high
temperatures and short contact times.''® Compact designs can be realized
due to high throughputs making these reformers attractive for on-board
supply of hydrogen and reformate fuel from conventional logistic as well as
synthetic fuels, which can be integrated into auxiliary power units based on
proton exchange membrane (PEMFC) and solid oxide (SOFC) fuel cells."!
Fuels under consideration range from natural gas to all kinds of liquid fuels
such as gasoline, diesel, kerosene, ethanol, and ethanol blended fuels. The
technical applications however are still facing challenges such as the costs of
the catalyst, catalyst deactivation by agglomeration, vaporization, sulfur
poisoning, and formation of carbonaceous overlayers, coking downstream
the catalyst due to the formation of coke precursors like olefins, problems of
thermal and mechanical stability, exhaust gas recycling, heat management,
quick start-up and shut-down, control issues, and strong variation in fuel
composition.

Therefore, many regimes of operation have been proposed, which can be
grouped into three main catalytic reforming reactions to convert hydro-
carbon fuels into synthesis gas (H, and CO):

Steam reforming (SR):
C,H, +nH,O0 — nCO + (m/z—|—n) H, AH’ >0
Partial oxidation (POX):

C,H, +1n0; — n CO+ ", H, AH" <0
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Autothermal reforming (ATR): View Online

CyHp + (*%,)02 +nH,O0 — nCO, + (™, +n)H,  AH’~ 0

When the exhaust gas is recycled, the actual stoichiometry of the reaction
represents a mixture of those reactions including dry reforming. In the
presence of oxygen, total oxidation will always play a certain role, often
providing the heat to operate the system autothermally at sufficiently high
temperature. The water-gas-shift reaction (WGS) is always present moving
the product composition towards the thermodynamic equilibrium between
CO, H,0, H; and CO,. The subsequent production of hydrogen-rich syngas
(minimization of CO content), in particular for PEM fuel cell application, is
also based on WGS.

In the last two decades, the pioneering work of the Schmidt group at
Minnesota led to hundreds of studies, in which basically all gaseous, liquid,
and solid hydrocarbon containing fuels, from natural gas to biomass, have
been shown to efficiently produce synthesis gas over rhodium based cata-
lysts within a fraction of a second by partial oxidation. Catalytic partial
oxidation (CPOX) in these so-called short-contact time reactors can be
operated autothermally at temperatures above 1000 K. Short monolithic
honeycomb and foam structures made out of metal oxides usually serve as
catalyst carrier. Due to the high fuel throughput the reactors are nearly
adiabatic; however the small heat release matters to understand the reactor
behavior at varying flow rate. Nevertheless, CPOX reactors are the most
promising type of reformer for on-board and any other mobile application,
in which synthesis gas or hydrogen has to be produced in a compact
autothermal system. The reasons for this attractiveness are the facts that no
additional energy and water is needed, ambient air can serve as oxygen
carrier, and light-off and shut-down handling is relatively straight-forward.

A scheme of potential applications of a CPOX reactor on-board a vehicle
is given in Fig. 1. Catalytic partial oxidation of the fuel provides synthesis
gas, which can either directly be used in a SOFC or after CO cleaning in a
Fuel Processing System (FPS) in a PEM FC, realizing an Auxiliary Power
Unit (APU), which provides electricity for on-road and idling loads.
Prototypes with up to 3 kW electrical power output were already presented
for heavy-duty vehicles.'? Such applications may significantly decrease the
fuel consumption needed for electrical devices on-board, because the
efficiencies of the conventional systems are rather poor, in particular in
idling load. Aside from that, noise and local pollution emission will be
reduced. Furthermore, the syngas produced can be added to the combustion
fuel during engine start-up when the exhaust-gas after treatment system has not
reached its operation temperature, and hence emissions of hydrocarbons,
carbon monoxide, and nitrogen oxides are extraordinary high. Addition of
syngas to the fuel has been shown to reduce the primarily emissions of those
pollutants. Finally, hydrogen, and even CO can serve as reducing agents for the
nitrogen oxides in the exhaust-gas after-treatment system.

Catalytic partial oxidation (CPOX) of natural gas over noble metal
catalysts at short contact times offers other promising applications aside from
electricity supply. CPOX of natural gas containing also ethane and propane
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Fig. 1 Scheme of the use of a catalytic partial oxidation (CPOX) reactor on board a vehicle;
FPS = fuel processing system, PEMFC = proton exchange membrane fuel cell, SOFC = solid
oxide fuel cell, APU =auxiliary power unit, SCR = selective catalytic reduction, taken from
reference (O. Deutschmann, Chemie Ingenieur Technik, 2011, 83(11), 1-12).

aside from its main constituent methane cannot only be applied for the
production of synthesis gas'>'* as a potential basic feedstock for chemical
industry but also for the production of olefins'>'® as the raw material of most
plastics. Furthermore, synthesis gas is the first intermediate in (gas-to-liquids)
plants for the production of for instance methanol and synthetic diesel.

Due to the high costs of Rh, substantial work has been conducted to find
effective but less expensive alternate catalysts. Since reviewing catalyst
developments in the area of fuel reforming is beyond the scope of this
chapter, the readers are referred to the literature, for instance to a recent
review on catalysts for hydrogen production from heavy hydrocarbons by
Navarro Yerga ef al.'” and recent work by Spivey ez al.'®"?

This chapter will focus on recent developments in catalytic reforming of
logistic fuels such as natural gas, gasoline, diesel, ethanol, and ethanol blen-
ded gasoline. Whenever possible, fundamental studies of the reactor behavior
towards an understanding of the interaction of chemistry and mass and heat
transport in such reactors will be discussed, because only a fundamental
understanding will finally lead to proper design of the reformer and an
optimization of the operating conditions. Since rhodium still is the catalyst of
choice, the discussion will focus on Rh-based catalysts. The chapter will at
first discuss the fundamentals of high-temperature catalysis and, then, in the
subsequent section, deal with specific transportation and model fuels.

2 Fundamentals of high-temperature catalysis

High-temperature catalysis is not a new concept; the Oswald process for
the NO production by oxidation of ammonia over noble metal gauzes at
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temperatures above 1000 °C and residence times of less than a micro sec¥if¥ Online

has been technically applied for decades; total oxidation of hydrogen and
methane (catalytic combustion) over platinum catalysts were even used
before Berzelius proposed the term ‘“catalysis”. Recently, however, high-
temperature catalysis has been extensively discussed again, in particular in the
light of the synthesis of basic chemicals and hydrogen, and high-temperature
fuel cells. This section focuses on the fundamentals of heterogeneously
catalyzed gas-phase reactions and their interaction with the surrounding flow
field in high-temperature catalysis. Understanding and optimization of
heterogeneous reactive systems require the knowledge of the physical and
chemical processes on a molecular level. In particular, at short contact
times and high temperatures reactions occur on the catalyst and in the gas-
phase and the interactions of transport and chemistry become important.
Monolithic reactors can serve as an example, which are frequently used
not only for partial oxidation, steam reforming, and autothermal reforming
of hydrocarbon fuels but even more for the reduction of pollutant emissions
from automobiles. Fig. 2 illustrates the physical and chemical processes
in a high-temperature catalytic monolith that glows at a temperature of
around 1000 °C due to the exothermic oxidation reactions. In each channel
of the monolith, the transport of momentum, energy, and chemical species
occurs not only in flow (axial) direction, but also in radial direction. The
reactants diffuse to the inner channel wall, which is coated with the catalytic
material, where the gaseous species adsorb and react on the surface.
The products and intermediates desorb and diffuse back into the bulk
flow. Due to the high temperatures, the chemical species may also react
homogeneously in the gas phase. In catalytic reactors, the catalyst material is
often dispersed in porous structures like washcoats or pellets. Mass transport
in the fluid phase and chemical reactions are then superimposed by diffusion

adsornfi
Surface "Ption,

reactiq
esorption

Fig. 2 Catalytic combustion monolith and physical and chemical processes occurring in a
single monolith channel. Many lengths and time scales have to be considered simultaneously
reaching from the nanometer and picosecond scale (e.g. surface reactions) via the micro/
millimeter and micro/millisecond scale (e.g. internal/external diffusion) to the centimeter and
second scale (e.g. heat transport in solid structures), taken from reference (O. Deutschmann,
Chemie Ingenieur Technik, 2011, 83(11), 1-12).
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of the species to the active catalytic centers in the pores. The temperad{ige Online

distribution depends on the interaction of heat convection and conduction in
the fluid, heat generation due to chemical reactions, heat transport in the
solid material, and thermal radiation. Both variation of the feed conditions
in time and space and heat transfer between the reactor and the ambience
result in a non-uniform temperature distribution over the entire monolith,
which means that the behavior will differ from channel to channel.*

Today, the challenge in catalysis is not only the development of new
catalysts to synthesize a desired product, but also the understanding of
the interaction of the catalyst with the surrounding reactive flow field.
Sometimes, only the use of these interactions can lead to the desired product
selectivity and yield. For detailed introductions into transport phenomena
and their coupling with heterogeneous reactions the readers are referred to
references 21-25 and 25, 26 respectively.

In the remainder of this section 2, the individual physical and chemical
processes and their coupling will be discussed beginning with the reactions
of the solid catalyst.

2.1 Heterogeneous reaction mechanisms
The understanding of the catalytic cycle in fuel reformers is a crucial step in
reformer design and optimization. The development of a reliable surface
reaction mechanism is a complex process, today increasingly based on the
elucidation of the molecular steps. A survey on state-of-the-art modeling
of heterogencously catalyzed gas-phase reactions can be found, e.g., in refer-
ence 27. The most frequent approach for modeling reaction mechanisms and
calculating reaction rates in technical systems is the mean-field approxima-
tion.? In this approach, a tentative reaction mechanism is proposed based on
experimental surface science studies, on analogy to gas-phase kinetics and
organo-metallic compounds, and on theoretical studies, increasingly including
DFT and Monte-Carlo simulations. This mechanism should include all
possible paths for the formation of the chemical species under consideration in
order to be ‘“‘elementary-like” and thus applicable over a wide range of
conditions. The mechanism idea then needs to be evaluated by numerous
experimentally derived data, which are compared with theoretical predictions
based on the mechanism. Here, the simulations of the laboratory reactors
require appropriate models for all significant processes in order to evaluate the
intrinsic kinetics. Sensitivity analysis leads to the crucial steps in the
mechanism, for which refined kinetic experiments and data may be needed.

Since the early nineties, many groups have developed surface reaction
mechanisms for high-temperature catalysis, following this concept, which
has been adapted from modeling homogeneous gas-phase reactions in
particular in the fields of combustion®® and pyrolysis* of hydrocarbons.
Consequently, this concept becomes handy when high-temperature pro-
cesses in catalysis are considered, in particular when the radical interactions
between the solid phase (catalyst) and the surrounding gas-phase (fluid
flow) have an impact on the overall rate.

In this concept, the surface reaction rate is related to the size of the
computational cell in the flow field simulation, assuming that the local
state of the active surface can be represented by mean values for this cell.
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Hence, this model assumes randomly distributed adsorbates. The stat¥igf Online

the catalytic surface is described by the temperature 7 and a set of surface
coverages 0, The surface temperature and the coverages depend on time
and the macroscopic position in the reactor, but are averaged over micro-
scopic local fluctuations.

Since the reactor temperature and concentrations of gaseous species
depend on the local position in the reactor, the set of surface coverages also
varies with position. However, no lateral interaction of the surface species
between different locations on the catalytic surface is modeled. This
assumption is justified by the fact that the computational cells in reactor
simulations are usually much larger than the range of lateral interactions of
the surface processes.

Since the binding states of adsorption of all species vary with the surface
coverage, the expression for the rate coefficient is commonly extended
by coverage-dependent parameters.”>** A crucial issue with many of the
surface mechanisms published is thermodynamic in-consistency.” Lately,
optimization procedures enforcing overall thermodynamic consistency have
been applied to overcome this problem.*3!

In particular oxidation reactions, in which radical interactions play a very
significant role, have been modeled extensively using the mean-field approach.
Examples are the oxidation of hydrogen,™* CO,***' methane***" and
ethane'®* % over Pt, formation of synthesis gas over Rh from different
hydrocarbons.>*”*'3% Adsorption and desorption of radicals are often
included in the mechanism. These reactions of intermediately formed
species are significant not only for the heterogeneous reaction but also for
homogeneous conversion in the surrounding fluid. In most cases, the catalyst
acts as sink for radicals produced in the gas-phase, and hence radical
adsorption slows down or even inhibits gas-phase reaction rates. The
interaction between homogeneous and heterogencous reactions in high-
temperature catalysis is still not well-understood; a recent experimental study
by the Beretta group for instance reveals that significant amounts of olefins
even occur in the fluid phase of tiny catalytic channels.>*

2.2 Homogeneous reactions

In many catalytic fuel reformers operated at high-temperature, the reactions
do not exclusively occur on the catalyst surface but also in the fluid flow. In
some reactors even the desired products are mainly produced in the gas
phase, for instance in the oxidative dehydrogenation of paraffins to olefins
over noble metals at short contact times and high temperature.'®%:356°
Such cases are dominated by the interaction between gas-phase and surface
kinetics and transport. One can roughly say whenever C,, species
are involved in high-temperature reforming, significant conversion in the
gas-phase can occur even at atmospheric pressure. In case of methane
reforming, gas-phase reactions can be neglected at pressures up to 10 bar
but not above. Therefore, any high-temperature-reactor simulation should
include an appropriate model for the homogeneous kinetics along with
the flow models. Various reliable sets of elementary reactions are available
for modeling homogeneous gas phase reactions, for instance for total*
and partial oxidation, and pyrolysis of hydrocarbons. In a recent study,

Catalysis, 2012, 24, 48-82 | 53


http://dx.doi.org/10.1039/9781849734776-00048

Downloaded by Karlsruher Institut fur Technology on 20 May 2012
Published on 14 February 2012 on http://pubs.rsc.org | doi:10.1039/9781849734776-00048

Maier et al. compared four detailed gas-phase reaction mechani¥igy Online

concerning their ability to predict homogeneous fuel conversion in CPOX
of iso-octane and found qualitative but not quantitative agreement between
modeling and experimentally determined conversion.'®

2.3 Coupling of chemistry and mass and heat transport

The chemical processes at the surface can be coupled with the surrounding
flow field by boundary conditions for the species-continuity equations at
the gas-surface interface.”>° The calculation of the diffusive flux at the
gas-surface interface due to adsorption and desorption of reactants and
products, respectively, requires knowledge of the amount of catalytically
active surface area in addition to the geometric surface area, which generally
has to be determined experimentally, e.g. by chemisorption measurements.
The effect of internal mass transfer resistance for catalyst dispersed in
the usually applied porous washcoat can be included by an effectiveness
factor.”*°! However, more accurate models such as the Dusty-Gas-Model
need to be applied often for an accurate description of the local reaction
rate. For more detailed models for transport in porous media the readers
are referred to the literature.>>6% %

Even though the implementation of elementary-reaction mechanisms
in fluid flow models is straight forward, an additional highly nonlinear
coupling is introduced into the governing equations leading to considerable
computational efforts. The nonlinearity, the very large number (thousands)
of chemical species occurring in reforming of logistic fuels and even in fuel
surrogates, and the fact that chemical reactions exhibit a large range of
time scales, in particular when radicals are involved, render the solving
of those equation systems challenging. In particular for turbulent flows,
but sometimes even for laminar flows, the solution of the system is too
CPU time-consuming with current numerical algorithms and computer
capacities. This calls for the application of reduction algorithms for large
reaction mechanisms, for instance, by the extraction of the intrinsic low
dimensional manifolds of trajectories in chemical space,(’7 which can be
applied for heterogeneous reactions.®® Another approach is to use “as
little chemistry as necessary”. In these so-called adaptive chemistry
methods, the construction of the reaction mechanism includes only steps
relevant for the application studied.®

2.4 Modeling monolithic catalysts

As an example!® of modeling a high-temperature catalyst, catalyst coated
monolithic structures as given in Fig. 2 are discussed. An efficient
approach, which still includes all fundamental aspects, is often used for
modeling catalytic monoliths, which is based on the combination of simu-
lations of a representative number of channels with the simulation of the
temperature profiles of the solid structure treating the latter one as con-
tinuum.”®”" This approach has for instance been implemented in the
computer code DETCHEMMONOLITH 66 which has frequently been applied
to model the transient behavior of catalytic monoliths. The code combines a
transient three-dimensional simulation of a catalytic monolith with a 2D
model of the single-channel flow field based on the boundary layer
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Fig. 3 Structure of the code DETCHEMMONOLITH 66

approximation. It uses detailed models for homogeneous gas-phase
chemistry, heterogeneous surface chemistry, and contains a model for the
description of pore diffusion in washcoats.

The numerical procedure as sketched in Fig. 3 is based on the following
ideas: The residence time of the reactive gas in the monolith channels is
much smaller than the unsteadiness of the inlet conditions (temperature,
mass flow rate, composition) and the time of significant temperature
variations of the solid monolith structure. In high-temperature catalysis the
gas residence time is usually on the order of milliseconds, while the inlet
conditions and the temperature of the solid vary on the order of seconds.
Under these assumptions, the time scales of the channel flow are decoupled
from the temporal temperature variations of the solid, and the following
procedure can be applied: A transient multi-dimensional heat balance is
solved for the monolithic structure including the thermal insulation and
reactor walls, which are treated as porous continuum. This simulation of the
heat balance provides the temperature profiles along the channel walls. At
each time step the reactive flow through a representative number of single
channels is simulated including detailed transport and chemistry models.
These single-channel simulations also calculate the heat flux from the fluid
flow to the channel wall due to convective and conductive heat transport in
the gaseous flow and heat released by chemical reactions. Thus, at each time
step, the single-channel simulations provide the source terms for the heat
balance of the monolith structure while the simulation of the heat balance
provides the boundary condition (wall temperature) for the single-channel
simulations. At each time step, the inlet conditions may vary. This very
efficient iterative procedure enables a transient simulation of the entire
monolith without sacrificing the details of the transport and chemistry
models, as long as the prerequisites for the time scales remain valid.”
Furthermore, reactors with alternating channel properties such as flow
directions, catalyst materials, and loadings can be treated.
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2.5 In-situ experimental studies of high-temperature catalysis View Online

The coupling of several complex models introduces a large number of
parameters into the simulations. Hence, agreement between predicted and
experimentally observed overall conversion and selectivity alone is not
sufficient to evaluate individual sub models. Time and locally resolved
profiles provide a more stringent test for model evaluation. Recently,
tremendous progress has been made in the application of in-situ techniques
to determine spatially resolved species and temperature profiles in high-
temperature catalytic reactors.

Useful data arise from the experimental resolution of local spatial
and temporal species profiles by in situ, non-invasive methods such as
Raman and laser induced fluorescence (LIF) spectroscopy. For instance, an
optically accessible catalytic channel reactor is used in the Mantzaras group
(PSI, Switzerland) to evaluate models for heterogeneous and homogeneous
chemistry as well as transport relevant for fuel reforming by the simulta-
neous detection of stable species by Raman measurements and OH radicals
by Planar laser-induced fluorescence (PLIF).”>”® This technique was for
instance applied to resolve the axial and radial profiles in catalytic partial
oxidation with exhaust gas recycling of methane at elevated pressure as
shown in Fig. 4.7

The Horn group (FHI, Berlin) has recently developed an in-situ
sampling capillary technique for measurements of spatially resolved profiles
in reforming catalytic foams up to 1300°C and 45 bar and applied this
technique to elucidate axial profiles in partial oxidation of methane over
noble metal catalyst as shown in Fig. 5.5

The Beretta group (Politecnico di Milano) also developed a quartz
capillary sampling system to spatially resolve the gas-phase composition in
monolithic catalysts, which was recently applied to find olefins in the initial
catalyst section over a Rh/alumina catalysts in CPOX of propane.’*

2.6 Mathematical optimization of reformer design and operating
conditions

In reforming reactors, the C/O ratio, steam addition, exhaust recycling,
temperature, pressure and residence time can be used to optimize conver-
sion and selectivity and to avoid formation of harmful by-products.
Furthermore, the catalyst loading along the channel can be varied or even
different active components and washcoat structures may be used. Recently, a
new mathematical algorithm was developed to not only optimize the operating
conditions but also the catalyst loading.®'®* These new computational tools
were recently applied to optimize catalytic oxy-dehydrogenation of ethane at
high temperatures and short contact times by Minh ez al.®' In their study,
radical interactions in gas and surface chemistry were shown to play a decisive
role for yield increase. These tools may support design and operation of
catalytic fuel reformers in the near future.

3 Reforming of natural gas

Synthesis gas (H,/CO in various compositions) plays a key role as a feedstock
in many catalytic processes such as synthesis of methanol, oxo-synthesis, and
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Fig.4 Schematic of the reactor and the Raman/LIF set-up (top) of Mantzaras et al.”® to study
spatial profiles in high-temperature catalysis. Predicted (lines) and measured (symbols) steam
profiles for autothermal reforming of methane over Rh at 6 bar, equivalence ratio of 4, and
38% steam addition, adapted from Schneider e al.”® The profiles are given at different axial
positions of x =2 (black triangle), 5 (red square), 9 (green diamond), 13 (orange triangle), 17
(blue sphere) cm; the arrow denotes the flow direction (x); catalytic wall at y = 3.5 mm, channel
centerline at y=0.

Fischer-Tropsch synthesis. Hydrogen as a separate component of synthesis
gas is largely used in the manufacturing of ammonia, in a variety of petro-
leum hydrogenation processes, and as a clean fuel for burners or fuel cells. In
future, we will likely see a steep increase in the use of natural gas as primary
fuel for stationary and mobile fuel cell applications for the generation of
electricity. For this, but also for the conventional purposes of natural gas
reforming, the interest in autothermally operated reformers for the conver-
sion of natural gas into synthesis gas and hydrogen will grow further.
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Fig. 5 Principle of spatially resolved measurements in foam catalyst (left) and spatial profiles
for autothermal methane oxidation on 0.6 wt % Pt coated 45 ppi/alumina foam catalysts. Gas
ﬂow:g% 11 ml min~' CHy, 228 ml min~! O,, 858 ml min~' Ar, C/O = 2.0 (right), taken from Horn
et al.

So far, steam reforming of natural gas has been the most widely used
industrial process, because it is one of the most efficient technologies for
hydrogen and the synthesis gas production from fossil fuels in large scale
facilities reaching yields close to the thermodynamic equilibrium.®* Steam
reforming is a highly endothermic reaction and requires an efficient external
energy supply, disadvantageous in small scale operation units. Conven-
tional steam reformers deliver relatively high concentrations of hydrogen at
high fuel conversion. The molar steam/carbon (S/C) ratio usually exceeds
2.5. The excess steam supports completion of the reaction and inhibits coke
formation, however, additional heat must be added.®> The products of
the reaction are controlled mainly by thermodynamics, which favour the
formation of methane at lower temperatures and of hydrogen at higher
ones. Recently, direct synthesis of Ni based hydrotalcite was used to prepare
small Ni nanocrystals, which can efficiently be applied for sorption
enhanced steam methane reforming.®¢

In recent years, (catalytic) partial oxidation ((C)POX),>'*7°? in
particular over noble metal catalysts and at short contact times due to the
pioneering work of the Schmidt group (U Minnesota), as well as CO,
reforming of natural gas to synthesis gas have also attracted much interest
because of their potential to reduce the cost of synthesis gas production
and environmental concerns, respectively. Autothermal reforming does
not require external energy supplies. Dry reforming (DR) using CO, is
especially discussed in the light of the useful processing of a greenhouse gas
in the chemical industry. The energy and steam produced by the exothermic
oxidation reactions in ATR sustain the endothermic reforming reactions to
autothermally operate the reactor.

3.1 Mechanistic aspects of reforming of methane

over Rh and Ni catalysts

For reaching a profound understanding of the reaction mechanism of
synthesis gas formation from methane by SR and POX, the sequence and
interaction of the reaction routes have to be analyzed for the combined
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POX-SR-DR systems, because the conditions in any flow reactor vary al¥ig Online

the flow directions, covering a wide range of mixture compositions and
leading to quite different local reaction rates. In CPOX over the commonly
used Rh catalysts, the general consensus is now that the overall conversion
is realized in a quasi two-step process (indirect route), in which first CHy is
totally oxidized to CO, and steam, as long as oxygen is present close to the
catalyst surface, and then the remaining CHy is reformed with steam and
(or) CO, to synthesis gas.’' %! A decade ago, a direct CPOX route had
also been considered. Detailed reaction schemes for the catalytic partial
oxidation of methane over platinum and rhodium, which also include steps
for steam reforming, were published by Schmidt et al.,”® Vlachos et al.***+°
and Deutschmann ez al.**>'7*® A unified mechanism covering all aspects of
steam and dry reforming, partial and total oxidation, carbon formation, and
catalyst oxidation is still under construction. New experimental data as
recently obtained for dry-reforming” call for further adaption of the kinetic
schemes available.

The development of a detailed mechanism for simultaneous modeling of
partial oxidation and steam reforming over nickel catalysts has not been
described yet, even though reaction kinetics of methane steam reforming
over nickel catalysts has been extensively investigated experimentally and
theoretically.'” 1% A review on catalytic partial oxidation of methane to
synthesis gas with emphasis on reaction mechanisms over transition
metal catalysts was recently published by Holmen and co-workers.!*> A
hierarchical, multiscale modeling approach was recently demonstrated by
Chen et al.'*® including a microkinetic model for steam methane reforming
on the supported Ni catalyst including reaction steps of surface carbon
formation, segregation, diffusion, and precipitation. A mechanism recently
developed for Ni/alumina catalysts®’ was also successfully applied in
numerical simulation of internal steam and dry reforming of methane over
Ni/YSZ anodes of solid-oxide fuel cells (SOFC).>>!

3.2 Interaction of surface reactions and mass and heat transport

Autothermal catalytic reforming of natural gas has been studied very
extensively over the last decades. The high-temperature catalytic partial
oxidation (CPOX) of methane over Rh based catalysts in short contact time
(milliseconds) reactors has been intensively studied, because it offers a
promising route to convert natural gas into synthesis gas and hydrogen,
which can subsequently be converted to higher alkanes or methanol and
be used in fuel cells, respectively.'**>!%® The indirect route for syngas
formation has meanwhile been accepted, which can also be recognized by
the experimental data given in Figs. 4 and 5. At the catalyst entrance total
oxidation occurs to form steam as long as oxygen is available at the surface,
then methane is steam-reformed to hydrogen. Basically no dry reforming
occurs and the surface acts as sink for radicals inhibiting significant gas-
phase reactions at pressures below 10 bar.”® Also, the transient behavior
during light-off of the reaction has been revealed. Exemplarily, Fig. 6
shows the time-resolved temperature and species profiles in a single channel
of a catalytic monolith for partial oxidation of methane for the production
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Fig. 6 Numerical simulation of the light-off of a Rh/ALL,O; coated monolithic honeycomb
reactor coated for partial oxidation of methane to synthesis gas.’! Top panel: temperature of
the solid structure of the catalytic monolith and the thermal insulation (675 K (blue) to 925 K
(red). Lower panel: gas-phase temperature (385-900K), and species mole fractions (CHy:
0.043-0.094, O,: 0-0.055, H,: 0-0.0412, H,0O: 0-0.058, CO: 0-0.042, CO,: 0-0.056) in a single
channel in the center of the monolith, red = maximum, blue = minimum. The time is set to zero
when significant amounts of products can be observed after the reactor was heated up to the
ignition temperature of 675 K.

of synthesis gas and the temperature distribution of the solid structure
during light-off.>!

Since natural gas contains higher alkanes and other minor components
besides methane, conversion and selectivity can be influenced by those other
components. Consequently, conversion of methane in steam reforming
of pure methane and in steam reforming of natural gas (North Sea H)
differ.'%!19 Before substantial conversion of methane sets in, most of the
heavier hydrocarbons are fully converted.

4 Reforming of gasoline fuels

The production of hydrogen and synthesis gas from gasoline by catalytic
partial oxidation (CPOX) and steam reforming (SR) is currently in the focus
of both academic and industrial research. In contrast to the complex and
costly supply of compressed and stored hydrogen for mobile fuel cell
application, CPOX of liquid fuels allows production and utilization of
hydrogen through existing routes, which, in particular, is of interest for
on-board applications. At operating temperatures around 1000K and
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higher, conversion of the fuel may not only occur on the solid catalyst \Gg Online

also in the gas-phase. This behaviour is very different from reforming of
methane. Heterogeneous and homogeneous reactions in CPOX of all higher
(C,,) hydrocarbons are coupled not only by adsorption and desorption of
fuel and oxygen molecules and the products, respectively, but also by
adsorption and desorption of intermediates and radicals. Therefore, mass
transport of radicals and intermediates from/to the gaseous bulk phase and
the catalytically active channel wall, mainly by radial diffusion in the small
channels of the monolith being on the order of a quarter to one millimeter,
is crucial for the interaction of heterogeneous and homogeneous reactions
in CPOX reactors.

In technical systems overall efficiency is increased by heat integration,
which can be realized either indirectly or directly. For the first case, Fig. 7
shows the scheme of a potential technical application, in which the hot
exhaust of the SOFC stack at approximately 800 °C is led through the
housing of the reformer to improve the heat balance.''' In case part of
the exhaust is directly co-fed to the fuel/air mixture, one has to be aware
of the fact that the oxygen contained in steam and in particular in carbon
dioxide may show different reactivity than the oxygen of O».

The varying composition of gasoline fuels challenges any model predic-
tions of the performance of catalytic gasoline reformers. The composition
does not only influence the overall hydrogen yield but also the propensity of
the coke formation. A systematic study on reforming of gasoline

Fuel/steam/air in

'f’

Hot
gas
n

Hot
gas
out

~

* Reformate
out

Fig. 7 Illustration of a shell-and- tube reformer. Catalytic reforming proceeds within
the tubes, with the outer shell flow (exhaust gas recycle) used to assist control of the tube
temperatures; taken from Goldin et al.'"!
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components over Rh/Al,0; coated monoliths for a wide range of C/O ra¥igy Online

was recently conducted by Hartmann er al.''?

4.1 Reactivity of individual gasoline components

in CPOX over Rh/AlL,O3

In a well-defined flow reactor with FTIR, GC, and MS .analytics,l 13
Hartmann et al. studied the autothermally operated catalytic partial
oxidation of higher hydrocarbon fuel components on Rh/Al,O3 coated
honeycomb monoliths at short residence times.''? Fig. 8 gives a sketch of
the reactor system, in which fuels with boiling points up to 280 °C mixed
with synthetic air can be fed to the monoliths with a homogeneous, pulse-
free reactant flow and uniform (over the tube cross section) temperature
profile. The catalytic monolith is made out of cordierite, 1 cm in length and
1.9 cm in diameter with a cell density of 600 cpsi. The inner channel walls
are coated with rhodium (4.23 mg/cm?) dispersed on a y-alumina washcoat;
no further additives are used. The catalyst is positioned 20 cm downstream
the mixture inlet. Upstream and downstream the catalyst, uncoated foam
and honeycomb monoliths, respectively, are placed close to the catalyst as
flow homogenizers, heat shields, and fixations for thermocouples. The
reactants are fed to the catalyst with 80 % dilution in nitrogen at 190 °C at a
space velocity of 85.000 h™'. For the initial preheating, the reactor is placed
in a furnace, which is switched-off after ignition.

catalyst

. -
front heat shield (Modium costed monetithl oo p ot chield

(foam) (monolith)

INLET - ‘ OUTLET

TIX]
2slpm  pm 1200

radial [mm)]

TIK]
6slpm g 1260

15 20 25 30
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Fig. 8 Sketch of the catalyst section of a reformer for logistic fuels with two heat shields (top)
and numerically predicted steady-state monolith temperature at C/O = 1.0 and at flow rates of
2 slpm (middle) and 6 slpm (bottom) in CPOX of iso-octane over a Rh/alumina coated hon-
eycomb monolith. The symmetry axis of the monolith is at radial dimension of zero. Taken
from Maier et al.'®
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The impact of the chemical structure and chain length of hydrocarbdigy Online

in CPOX over Rh based catalysts has been studied using benzene, cyclo-
hexane, 1-hexene, and i-hexane (3-methylpentane) for the representation of
archetypical constituents of logistic fuels.''? Since these species have the
same number of carbon atoms, their performance can easily be compared
using the molar carbon-to-oxygen (C/O) ratio. The influence of the fuel
components is studied by comparison of a series of linear alkanes ranging
from n-hexane to n-dodecane, representing the wide range of boiling points
of the individual fuel components. Furthermore, the effect of side chains
of cyclic hydrocarbons has been studied by using species with methyl sub-
stitution of benzene and cyclohexane.

This study revealed the dominant role of the structure of the hydrocarbon
fuel (n alkanes, i-alkanes, cycloalkanes, olefins or aromatics) on the pro-
duction of synthesis gas as well as cracking products as shown in Figs. 9
and 10. Especially the presence of double bonds or an aromatic ring shifts
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Fig. 9 H, yields in CPOX of characteristic components of logistic transportation fuels
over Rh/alumina-coated honeycomb catalysts as function of C/O ratio; taken from Hartmann
et al.'?
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Fig. 10 C based yields of unsaturated hydrocarbons produced by thermal cracking of
different C¢ hydrocarbons (left) and n-alkanes (right) in CPOX of characteristic components of
logistic transportation fuels over Rh-based catalysts as function of C/O ratio; taken from
Hartmann et al.''?
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the yield to total oxidation products (not directly shown in Figs/ie Online

and 10).""? On the other side, over a wide range of boiling points, equivalent
performance is observed for varying chain length of the hydrocarbon
backbone or the appearance of side chains. Only a minor variation of the
distribution of products can be observed by the addition of a methyl group
to c-hexane.

In particular ethylene, propylene, and acetylene represent precursors
for coke formation in reforming processes.''* ''® The propensity of the
formation of such coke precursors is also dominated by the structure of the
hydrocarbon fuel as shown in Fig. 10.''? Acetylene is exclusively found in
conversion of aromatic hydrocarbons. Furthermore, acetylene is the only
hydrocarbon cracking product formed under fuel lean conditions, which
can be dedicated to the high reaction temperatures reached in conversion
of aromatic hydrocarbon fuels and by an excess of oxygen. Ethylene
production is observed at C/O >1.0 as further coupling product with
concentrations of approximately 50 ppm. The strong increase in formation
of a-olefins with increasing C/O in CPOX of hydrocarbons has already been
discussed in several papers by Schmidt ez al.>®

Based upon the knowledge of the reaction of characteristic fuel
constituents, surrogates of logistic fuels can be derived. Besides the reduc-
tion of the high complexity of commercial fuels in model fuels, the use of
surrogates allows a reliable standardization and reproduction of CPOX
experiments. Moreover, the influence and interaction of dominant con-
stituents can be explored, allowing the development of detailed models for
CPOX of logistic fuels.

4.2 Kinetic aspects of high-temperature reforming of iso-octane

over Rh catalysts

In comparison to autothermal reforming of natural gas, the kinetics of
reforming of higher hydrocarbons is much more challenging not only due to
the fact that the catalytic reaction cycle becomes very complex but also due
to the fact that conversion in the gas-phase cannot be neglected any more.
In particular, the formation of coke precursors is expected to occur in
the gas-phase. For a better understanding of the interactions of surface
and gas-phase reactions as well as mass transport (radial diffusion), a
fundamental study was conducted using iso-octane as fuel surrogate and
focussing on the process in a single channel.>

Using the experimental set-up described above, catalytic partial
oxidation of iso-octane over a rhodium/alumina coated honeycomb
monolith was studied at varying C/O ratio. Very high hydrogen and carbon
monoxide selectivity were found at stoichiometric conditions (C/O=1),
while at lean conditions more total oxidation occurs. At rich conditions
(C/O>1), homogeneous chemical conversion in the gas-phase is responsible
for the formation of by-products such as olefins shown in Fig. 11.

In a first modeling approach of CPOX of iso-octane in this system, a
single channel of the monolith at isothermal conditions was numerically
simulated using a two-dimensional parabolic flow field description''’
coupled with elementary-step based heterogeneous and homogeneous
reaction mechanisms (software DETCHEM “HANNEL "refg 66, 71).

112,113
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Fig. 11 Experimentally determined concentrations of the side products and the fuel remaining
in the outlet stream in CPOX of i-octane over a Rh/alumina coated honeycomb monolith as a
function of C/O ratio, taken from reference 53.

The chemical models need to be able to predict all macrokinetic features
of the chemistry, which are expressed by the following global reactions:
direct partial oxidation

i-CgHi340, — 8CO+9H, AH398:76601<Jmol’1
total oxidation
i-CgHig+12.50, — 8CO;, +9H,0 AHy = —5104 kJ mol ™!

steam reforming

i-CgHjg +8H,O — 8 CO+ 17 H, AHS%g =+1276 kI mol ™'
dry reforming

i-Cg Hig +8CO; — 16 CO+9H, AH%%g = +1606 kJ mol !
water-gas shift reaction

CO +H,0 — CO, +H, AHS% = —41 kJmol™!
methanation

CO +3H, — CHy +H,0 AH% =—206kJ mol

Boudouard reaction
2CO — C+CO;, AH3 = —172kI mol ™!

Even though it is possible to fit a set of experimental data using the
sufficiently large number of adjustable kinetic parameters in this global
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reaction scheme, little insight can be gained from such a lumped mechani¥ig Online

Therefore, it is recommended to apply chemical models based on elemen-
tary-step reaction mechanisms. Since the actual decomposition of adsorbed
iso-octane over Rh is not known in detail, a simplified approach was
proposed: The heterogeneous partial oxidation of i-octane on rhodium-
based catalysts is modeled by a detailed surface reaction mechanism for
partial oxidation of C;-Cs species,” consisting of 56 reactions and 17
adsorbed species. This scheme is extended by two additional “lumped”
reactions for adsorption of iso-octane assuming that iso-octane adsorption
quickly leads to the species that are explicitly described in the mechanism.

Conversion may not only occur on the catalytic surface but also in the gas
phase due to the high operating temperatures. Several detailed schemes for
oxidation and pyrolysis of higher alkanes have been proposed. In the study
of Maier et al.>® described here, the detailed chemical kinetic mechanism
developed by the combustion group at Lawrence Livermore National
Laboratory (LLNL) for homogeneous oxidation of i-octane (2,2,4-tri-
methylpentane)''® is applied; it consists of 7193 irreversible reactions among
857 species.

This study®® also revealed that the applied chemical models — even though
the most detailed ones available — need further improvement, in particular
regarding the formation of minor by-products at rich conditions. Never-
theless, this combined modeling and experimental study elucidated the roles
of surface, gas-phase, and radical chemistries in high-temperature oxidative
catalytic conversion of iso-octane over Rh catalysts. From Fig. 12, it can
clearly be concluded that the major products (syngas) are produced in the
entrance region of the catalyst on the catalytic surface; radial concentration
profiles are caused by a mass-transfer limited process. As soon as the oxygen
is consumed on the catalytic surface — similar to CPOX of natural gas —
hydrogen formation increases due to steam reforming; the major products
are formed within few millimeters. At rich conditions (C/O>1.0) a second
process, now in the gas-phase, begins in the downstream part as shown
in Fig. 13. The number of radicals in the gas-phase is sufficiently large
to initiate gas-phase pyrolysis of the remaining fuel and formation of
coke-precursors such as ethylene and propylene. In the experiment, the
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Fig. 12 Numerically predicted profiles of molar fractions of reactants and major products in
the entrance region of the catalyst at C/O=1.2 in CPOX of iso-octane over a Rh/alumina
coated monolith, taken from Hartmann et al.>> Flow direction is from left to right.
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Fig. 13 Numerically predicted profiles of molar fractions of ethylene and the CHj-radical
along the entire catalyst at C/O=1.2 in CPOX of iso-octane over a Rh/alumina coated
monolith, taken from Hartmann et al.>> Flow direction is from left to right.
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Fig. 14 Numerically predicted surface coverage as a function of axial position along the
honeycomb catalyst channel in CPOX of iso-octane over a Rh/alumina coated monolith.
Conditions: C/O=0.8, 1359 K (left), C/O=1.2, 1076 K (right); taken from reference 10.

downstream part of the catalyst is coked-up; here the Rh surface cannot act
as sink for radicals. The study also numerically simulated the coverage of
the Rh catalyst as function of the axial coordinate revealing a sufficient
number of unoccupied surface sites at lean (C/O = 0.8) conditions, Fig. 14
(left). At rich conditions (C/O = 1.2, Fig. 14 (right)), however, the surface is
fully covered by carbon further downstream.

4.3 Coking in high-temperature reforming over Rh catalysts

The model discussed above predicts a completely carbon, C(s), covered
surface in the downstream section of the catalyst, z> 1 mm. Since the model
does not include interactions between gas-phase species and carbon on the
surface directly, the gas-phase conversion practically proceeds independent
of any direct influence of the catalytic surface, which means radicals are not
recombined on the surface for z>1 mm. However, both heterogencous and
homogeneous chemistries are coupled, because the resulting carbonaceous
over-layer on the catalyst is a result of the composition of gas-phase near
the channel wall. The exact position of this C(s) layer is rather sensitive to
small variations of several physical parameters such as reactor temperature,
catalyst loading, flow rate, and diffusion models, and always occurs in the
first third of the catalyst at given C/O ratio and is very typical for the rich
regime as observed experimentally (Fig. 15)."" First studies indicate that
the catalyst still shows some activity in that region. A recent AFM study'?°
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Fig. 15 Coke formation on the inner catalytic channel walls and TEM image of carbon
covered Rh particle after the honeycomb was used in a CPOX reactor for several hours
operated with iso-octane as feed at C/O> 1.0. Pictures are taken from Hartmann et al.'"

of the initial state of coking in high-temperature reforming led to the con-
clusion that coke formation indeed starts at the catalyst particle and then
spreads over the support. However, the mechanism of coke formation very
much depends on the local conditions and temperature. Three different
kinetic regimes haven been recently observed in high-temperature reforming
of hydrocarbons, two initiated by the catalytic particle, and one by
deposition from the gas phase at higher temperatures and with a much
larger rate.'?!

In particular, the olefins formed in the gas-phase at rich conditions have a
high potential to form soot particles further downstream of the catalyst,
because it will be difficult to cool-down the hot product fast enough to
avoid any further gas-phase reactions and molecular growth of olefins to
polycyclic aromatic hydrocarbons (PAH) will occur. The formed particu-
lates definitely are a threat for any other devices such as fuel processing
systems and fuel cells, which are located downstream of the CPOX reactor.
Adequate measures have to be taken to either avoid operation of the
CPOX reactor in a regime where gas-phase reactions are likely to produce
precursors of particulate matter, to reduce olefin concentrations with post-
catalyst conversion strategies, or to collect the particles formed, e.g. by the
filters.

Gas-phase initiated coking of the product lines downstream of the
catalytic section of the reactors caused by the olefin precursors formed in
the catalytic section was the topic of a recent study by Kaltschmitt ez al.'*
The product composition of CPOX of iso-octane was chosen as the feed
composition in a pure gas-phase experiment, in which the product stream
was fed into an empty quartz tube heated up to a temperature typical for the
catalyst exit temperature of the CPOX reactor to mimic the conditions
downstream the catalyst. This homogeneous reactor was also modeled
using two different large elementary-step reaction mechanisms. The study
concluded that gas-phase reactions among a multitude of species are
responsible for coke formation when unconverted fuel leaves the high
temperature oxidation zone in the catalyst. Large amounts of olefinic
hydrocarbons are initially formed by thermal cracking leading to aromatic
molecules and further downstream to PAHs formation (Fig. 16). The
presence of gas-phase reactions in the post-catalytic zone decreases the
amount of hydrogen produced through methanation and hydrogenation of
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Fig. 16 Influence of gas-phase reactions on the catalyst exhaust composition in the
post-catalyst zone of a CPOX reformer (Rh/alumina honeycomb) operated with iso-octane at
rich conditions (C/O = 1.6). The catalyst exhaust composition measured was fed into an empty
tube heated by a furnace to a temperature of 1106 K, which was the catalyst exit temperature
measured in the CPOX reactor. The figure shows the numerically predicted distribution
of carbon precursors along the empty tube clearly revealing post-catalyst conversion in
the downstream gas-phase. C;-C4 olefins contain 1,2-propadiene, propene, propyne, n-butene
(1-buten, 2-butene), iso-butene, 1,3-butadiene; PAH contains naphthalene, anthracene,
pyrene. Embedded photo shows the tubular quartz reactor after operation. Taken from
Kaltschmitt er al.'*?

carbon monoxide and olefins, especially at fuel rich conditions. Cracking of
the remaining fuel increases the concentration of by-products (ethylene,
acetylene and Cs-C,4 olefins) and as a consequence of carbon deposits. A
conclusion of their study is that the experimentally determined yields (major
as well as minor products) in laboratory CPOX reactors may deviate from
the local yields at the catalyst exit, because the products can usually not be
quenched sufficiently fast to avoid gaseous post-reactions occurring within
millimeters beyond the catalyst.

4.4 Impact of flow rate on reforming efficiency

In Fig. 8, the impact of flow rate on the temperature distribution in
the monolithic sections of a short contact time reactor for reforming of
iso-octane to hydrogen-rich synthesis gas reveals that higher flow rates lead
to an increase in temperature, conversion and consequently higher
hydrogen yields.'® This counter-intuitive increase in fuel conversion with
decreasing residence time (increasing flow rate) can be explained by
analyzing the ratio of chemical heat release to heat loss in the reactor.'?
Maier et al.'® showed that the right choice of the model to account for heat
transfer in CPOX reactors helps to understand the impact of the flow rate
on conversion and selectivity. An adiabatic single channel simulation will
fail; it is not able to predict even the qualitative behavior, i.e., the
increase of the catalytic exit temperature with increasing flow rate as shown
in Fig. 8.'”* Instead, the entire catalytic monolith with at least several
representative channels has to be considered including heat transport within
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the solid structure of the monolith and at all monolith boundaries. Yigw Online

increase in temperature with increasing flow rate can be understood by the
effect of heat losses. The total amount of heat released by the reaction
almost linearly increases with flow rate, because fuel is fully converted in the
first zone of the catalyst. However, since higher temperature favors the less
exothermic partial oxidation over the highly exothermic total oxidation,
there is a kind of self-limiting process concerning the temperature increase.
Consequently, the temperatures do not increase extraordinarily with increas-
ing flow rate. The total amount of heat losses to the ambience by thermal
conduction and radiation mainly depends on the temperature of the solid
structure, which indeed is higher, but not so much higher to compensate
for the larger heat release effect. In short, the ratio of chemical heat release
to thermal heat loss increases with increasing flow rate, and therefore the
temperature increases. Higher temperature in general leads to higher hydrogen
yields due to thermodynamics. The product composition strongly depends on
the flow rate, in particular at higher C/O ratios.'* Also, the propensity of
the formation of coke precursors is influenced by flow rate. As also shown in
Fig. 8, the more exterior channels of the monolith exhibit lower temperatures,
which consequently have an impact on the concentration profiles in the indi-
vidual channels, not all channels behave essentially alike.

Higher temperatures do not only shift the thermodynamic equilibrium
towards hydrogen production but also increase the reaction rate of the
second global reaction step, i.e., hydrogen production by steam reforming.
The negative temperature gradient in the steam reforming zone is larger for
higher flow rates even though the cooling effect by heat loss of the catalyst to
the ambient is smaller for higher flow rates (Fig. 8). However, the heat loss
effect clearly overlaps with the flow rate effect. At low flow rates, more
exterior channels of the monolith experience much lower temperatures at
slow than at high flow rates and, consequently, hydrogen production is
reduced. In addition to steam reforming, also the exothermic water-gas-shift
reaction leads to hydrogen production; this effect is rather small but still has a
little impact on the final product composition and catalyst outlet tempera-
ture.'” In summary, the understanding of the dependence of hydrogen
selectivity on flow rate can only be achieved by taking mass and heat transfer
as well as detailed kinetic schemes (reaction pathways) into account.

5 Reforming of diesel fuels

In comparison to natural gas and gasoline, diesel fuel has the higher
hydrogen energy density. However, diesel is more difficult fuel to reform
because diesel fuel is a mixture of a wide variety of paraffin, naphthene, and
aromatics, each of which reacts differently in a CPOX reaction as discussed
above and elsewhere.''>'>*!2> The usual occurrence of organosulfuric
compounds will even more complicate the reforming, in particular con-
cerning catalyst deactivation.

5.1 Reforming over Rh-based catalysts
Rhodium based catalysts were chosen for many studies of catalytic
reforming of diesel and its major components, not only because it
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Fig. 17 Effect of the C/O ratio on the partial oxidation of diesel fuel over a Rh/alumina coated
foam catalyst; conversion of fuel and oxygen and catalyst exit temperature measured (left) and
product selectivity (right); taken from Krummenacher ez al.'

was successfully applied for reforming, in particular CPOX, of lighter
hydrocarbons but also because it revealed low propensity of carbon
formation, |+5:9-59-124.126.127

The study of Krummenacher et al.' on CPOX of diesel over Rh/A1,O5
coated foam catalysts revealed that the highest hydrogen yields can be
achieved when the reactor is operated at low C/O ratios, which are actually
close to the flammability of the mixture as shown in Fig. 17. The
maximum in syngas yield occurs at the transition to the occurrence of
flames. Furthermore, the operation of diesel fuel at such low C/O ratios
presents a challenge for the mixing and feeding of the reactants, in parti-
cular, a much higher tendency to pre-combustion of the fuel upstream the
catalytic section is observed. This transient behaviour is less drastic when
the single fuel components or binary mixtures of those are used. The
hydrogen yields show a maximum at C/O ratios closer to 1.0 and the reactor
can be operated more safely.'->-!12

CPOX of diesel also is more affected by the formation of carbonaceous
overlayers and coking of the reactor lines downstream the catalyst. Indeed,
incomplete conversion of the fuel in the catalytic section will eventually lead
to coke formation unless secondary measures are applied. Since oxygen
consumption is usually complete, the C/O ratio moves to infinity along the
reactor. The pyrolytic conditions will eventually lead to the production of
the coke precursors ethylene and propylene as shown in Fig. 17 and
discussed above. Even when the production of the olefins is on a ppm-level,
the accumulative effect may lead to coking issues after a certain time of
operation of a technical system.

Aside from pure CPOX operation, the addition of steam and/or exhaust
of, for instance, a downstream operated fuel cell stack, may be beneficial not
only for efficiency due to improved heat balances but also for prevention of
coking. However, one has to take into account that the oxygen in H,O and
CO, may reveal a different reactivity than the oxygen of molecular O,.

With steam addition, operation of the reformer moves towards ATR and
even the SR regime. Thormann er al.>'*"'?® studied steam reforming of
diesel and hexadecane over a Rh/CeO, catalyst in a microchannel reactor
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Fig. 18 Picture of a microreactor applied for steam reforming of diesel at operation tem-
perature of 973 K (left) and SEM micrograph of the catalytically active reactor channels coated
with Rh/CeO, (right). Taken from Thormann et al.’

shown in Fig. 18. In a combined experimental and modeling study’ a
significant impact of the ceria support on the reformate composition was
observed.

5.2 Alternate catalysts

Due to the cost of Rh a variety of alternate catalytic materials have been
investigated recently such as hexaaluminates'**'*® and pyrochlores.'® These
oxides are of particular interest because the catalytically active metals can
be substituted within the structure of these materials to produce a thermally
stable catalyst that resists both sulfur poisoning and carbon deposition.'*

6 Reforming of ethanol and ethanol blended gasoline

Ethanol has been directly used as fuel and as fuel component for many
years. Today, there is a further increasing interest in ethanol containing fuel
due to its potential of the reduction of greenhouse gases, because it can be
easily obtained in large amounts by fermentation of biomass. The decisive
difference in ethanol as feed for reformers in comparison with the fuels
discussed so far, is the fact that ethanol contains an oxygen atom, which
may lead to quite a different product composition.

Quite a variety of studies on reforming ethanol towards hydrogen and
synthesis gas were conducted using steam reforming,'*' ¥ partial oxida-
tion'**'* and autothermal reforming.'** '** Another difference of ethanol
reforming is the fact, that in contrast to POX of aliphatic hydrocarbons
such as methane (natural gas), iso-octane (gasoline), and hexadecane
(diesel), the partial oxidation of ethanol is slightly endothermic.

In the remainder of this section, we will present some recent results of
CPOX of ethanol and ethanol-blended fuels obtained in our group.'>':'>

6.1 CPOX of ethanol over Rh/Al,O3 coated monoliths

Hebben et al.">" used the same apparatus as described above (Section 4.1) in
their study on CPOX of ethanol on alumina-supported rhodium based
catalyst. They showed that the selectivity to hydrogen is almost as high as
in the thermodynamic equilibrium without by-product formation for
C/0<0.8. At higher C/O>0.8, the conversion of ethanol drops while the
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Fig. 19 Experimentally measured fuel conversion (left) and selectivity of major products as
function of C/O for the CPOX of ethanol on alumina-supported Rh based honeycomb catalysts
for two different flow rates (left) and at 2 slpm (right); taken from Hebben et al.'!
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Fig. 20 Experimentally measured selectivity of by-products as function of C/O for the CPOX
of ethanol on alumina-su}i)ported Rh coated honeycomb catalysts for two different flow rates;
taken from Hebben et al.'>!

oxygen conversion is complete at all C/O ratios studied (Fig. 19), and the
by-products are significantly produced as shown in Fig. 20. Aside from the
already reported production of methane, ethylene, and acetaldehyde at
increasing C/O, significant amounts of diethyl ether have been detected in
CPOX of ethanol at C/O>1.20.

The time to reach steady state depends on the C/O. At C/O>1.0, slow
deactivation of the catalyst occurs due to coke formation, i.e., a steady state
in conversion and selectivity is not reached at all and product composition
and fuel conversion slowly vary in time. Regeneration of the catalyst is
needed after a certain time. Gas-phase reactions play basically no role for
fuel conversion at sufficiently high flow rates for ethanol reforming at the
given conditions.'!

The alumina support seems to have a significant influence for the CPOX
of ethanol on alumina-supported rhodium based catalysts, in case of high
C/O and fuel-dilution."!

6.2 CPOX of ethanol blended gasoline over Rh/Al,O3 coated monoliths

The characteristic features of ethanol reforming leads to the question of
their impact on reforming of gasoline that is blended with ethanol. The
increasing use of renewable fuels, e.g. ethanol, and fossil fuels blended with
renewable fuels, e.g. E10 (gasoline blended with 10vol.-% ethanol), in
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vehicles also intensifies the research activities for these fuels in the fielYigf Online

145,151,153-161
1'152

on-board hydrogen supply.

In a recent study, Diechm ez a systematically studied the impact of
ethanol content in gasoline on CPOX of gasoline over a Rh/alumina coated
monolith. The experimental equipment as described above for the iso-
octane study was used. In the research work presented in this paper, the
performance of ethanol blended gasoline is studied in a CPOX reformer.
Real gasoline fuel as well as iso-octane as gasoline surrogate was used
and mixed with ethanol. Ethanol in iso-octane blends with ethanol con-
centrations varying from 5 to 85 vol. % were studied for several operating
conditions ranging from fuel lean to fuel rich conditions. In addition,
analogue investigations of the pure substances ethanol and iso-octane were
performed. Additionally, the commercial fuels, “Super” gasoline (gasoline
blended with 5 vol. % ethanol) and E 85 (gasoline blended with 85 vol. %
ethanol), were examined as well.

Ethanol is faster converted than iso-octane (Fig. 21), in particular the
conversion of iso-octane drops already at relatively low C/O ratios, and
increasing ethanol content increases this effect. The hydrogen selectivity
generally decreases with increasing ethanol content, however, this trend is
not linear. Actually, the highest hydrogen yield is achieved at 5% ethanol
and not at pure iso-octane (Fig. 22). The formation of by-products is also
promoted by ethanol, rather high ethylene concentrations are found even at
low C/O ratios. All these findings were also observed using ethanol blended
commercial gasoline (E5, E10, E85).!%

The conclusions to be drawn by this study are: (1) Ethanol-blended iso-
octane can serve as surrogate for ethanol blended gasoline. (2) Ethanol has
a severe impact on conversion and selectivity of reforming of logistic fuels.
(3) This impact cannot be estimated by the reforming performance of the
pure substances; simple linear interpolation from the behavior of the pure
substances to the behavior of the mixtures does not work.

@, (b)
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§
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> o
g O 04
Q &5 vol.-% & 5 vol.-%
& 10 vol.-%
0.2 0.2 - 10 vol.-%
-+50 vol.-% =+ 50 vol.-%
--85 vol.-% -#- 85 vol.-%
0.0 " T T T 0.0 T T T -
0.6 0.8 1.0 1.2 1.4 1.6 0.6 0.8 1.0 12 1.4 1.8
c/o c/o

Fig. 21 C-based conversion of ethanol (a) and iso-octane (b) as function of C/O ratio for
CPOX of ethanol/iso-octane blends over Rh/Al,O; coated honeycomb monolith. Vol.-%
nomenclature denotes the molar percentage of ethanol in the blend. Taken from Diehm et al.'>?
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Fig.22 C-based yields of hydrogen (a) and ethylene (b) for ethanol/iso-octane blends and pure
substances as function of C/O ratio in a CPOX reactor with a Rh/Al,0O3 coated honeycomb
monolith. The dotted lines represent qualitative values. The arrows indicate the trend of further
rising yields. Vol.-% nomenclature (a) denotes the molar percentage of ethanol in the blend;
symbols also apply for nomenclature of Fig. (b). Taken from Diehm er al.'>

7 Summary

High-temperature catalysis is a promising technique for high-throughput
reforming of logistic fuels (natural gas, gasoline, diesel, kerosene, ethanol) in
compact devices without the need of external energy. Aside from producing
hydrogen-rich synthesis gas, high-temperature catalysis can also be applied
for the production of more useful basic chemicals such as olefins and
acetylene from logistic fuels such as natural gas. Partial oxidation of these
fuels at millisecond contact times over Rh-based catalysts at around 1000 °C
and at optimal fuel/oxygen ratios leads to almost total fuel conversion
and hydrogen yields being close to the ones at thermodynamic equilibrium.

Conversion and selectivity strongly depend on the molar C/O ratio of the
fuel/oxygen (air) mixture. In general, the optimal C/O ratio for hydrogen
yield is around the stoichiometric ratio of unity, the production of total
oxidation products (H,O, CO,) and un-desired hydrocarbons (soot pre-
cursors such as olefins) are favored at lean (C/O<1) and rich (C/O>1)
conditions, respectively. However, depending on the type of fuel, the opti-
mal C/O ratio for achieving the maximum hydrogen yield at a minimum
amount of undesired by-products (olefins, acetylene, aromatics) can
relatively strong deviate from this optimal C/O ratio. Also, the actual
composition of a commercial fuel strongly influences hydrogen yield and
product selectivity. Here, the structure of the individual fuel components
matter more than their chain length. Therefore, the behavior of real fuels in
CPOX reformers is difficult to derive from the behavior of single component
surrogates. In particular, diesel and ethanol-blended fuels exhibit a complex
behavior, which cannot linearly extrapolated from the behavior of their
single components. In reforming of ethanol, significant amounts of ethylene
and acetaldehyde are produced even at low C/O ratios.

The deactivation of the catalyst and of downstream pipes and devices
(e.g. fuel cells) due to coking is one of the challenges in the technical
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realization of CPOX-based APUs. The coking is initiated by the format{isw Online

of olefins in the gas-phase due to oxidative and —even more important-
pyrolytic processes; exceptions are methane (no coking at relevant pressure)
and ethanol (surface processes seem to matter as well).

Modeling and simulation can support the understanding of the interac-
tion of mass and heat transfer with heterogeneous and homogeneous
chemical reactions in the reformer. The dependence of product composition
on C/O ratio, temperature, and flow rate as well as the occurrence of coke
precursors can be explained by modeling work, at least qualitatively.
The catalytic conversion is usually controlled by mass-transfer (external
diffusion). Most reformers operated with fuels that contain aliphatic and
aromatic hydrocarbons with two and more carbon atoms exhibit a coupling
between catalytic and homogeneous (gas-phase) conversion via adsorbed
and desorbed intermediates and radicals. Detailed catalytic reaction
mechanisms over rhodium-based catalysts are only available for natural
gas and single-component liquid fuel surrogates such as iso-octane. The
extrapolation of the behavior of reformers operated with surrogates
(laboratory scale) to the behavior of reformers operated with complex
logistic fuels has to be conducted with care. However, studies using surro-
gates can indeed lead to useful information for the design of reformers and
the optimization of operational conditions to maximize hydrogen yield and
minimize by-product formation as discussed in this chapter.
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