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ABSTRACT

Partial Oxidation of Hydrocarbons in a Segmented Bed Using Oxide-based Catalysts and
Oxygen-conducting Supports

by Mark W. Smith

Two objectives for the catalytic reforming of hydrocarbons to produce synthesis gas are
investigated herein: (1) the effect of oxygen-conducting supports with partially substituted
mixed-metal oxide catalysts, and (2) a segmented bed approach using different catalyst
configurations. Excess carbon deposition was the primary cause of catalyst deactivation, and was
the focus of the experiments for both objectives. The formation and characterization of deposited
carbon was examined after reaction for one of the selected catalysts to determine the quantity
and location of the carbon on the catalyst surface leading to deactivation.

A nickel-substituted barium hexaaluminate (BNHA), with the formula BaAl;1 6Nip 40155, and a
Rh-substituted lanthanum zirconate pyrochlore (LCZR) with the formula La; ggCag11Zr1.89Rhg 11,
were combined with two different doped ceria supports. These supports were gadolinium-doped
ceria (GDC) and zirconium-doped ceria (ZDC). The active catalyst phases were combined with
the supports in different ratios using different synthesis techniques. The catalysts were
characterized using several different techniques and were tested under partial oxidation (POX) of
n-tetradecane (TD), a diesel fuel surrogate. It was found that the presence of GDC and ZDC
reduced the formation of carbon for both catalysts; the optimal ratio of catalyst to support was
different for the hexaaluminate and the pyrochlore; a loading of 20 wt% of the pyrochlore with
ZDC produced the most stable performance in the presence of common fuel contaminants (>50
h); and, the incipient wetness impregnation synthesis method of applying the active catalyst to
the support produced more stable product yields than the catalyst prepared by a solid-state
mixing technique.

Different hexaaluminate and pyrochlore catalysts were used in different configurations in a
segmented bed approach. The first strategy was to promote the indirect reforming mechanism by
placing a combustion catalyst in the reactor inlet, followed by a reforming catalyst. This
approach demonstrated that BNHA can be used in the reactor inlet to promote combustion with 1
wt% Rh-substituted pyrochlore in the reactor outlet, but the combustion catalyst should fill less
than 50% of the reactor. The second approach placed specific catalysts in regions of the reactor
that have conditions in which they are less likely to deactivate. This showed the most benefit in
the use of a sulfur-tolerant noble metal catalyst in the reactor outlet.

The carbon formation study was conducted on a 2 wt% Rh-substituted pyrochlore. POX of TD
for various run times, followed by temperature programmed oxidation, revealed two different
types of carbon deposits in the catalyst bed: carbon that burned off at relatively low temperature
(LTC), and carbon that burned off at higher temperatures (HTC). The LTC reached a steady state
level within two hours of reaction, and was determined not to lead to catalyst deactivation. The
HTC continued to accumulate with time on stream. A mathematical expression was developed to
predict the rate of formation of the HTC for a given set of reaction conditions (O/C = 1.25). This
expression was modified from data from a test under different reaction conditions (O/C = 1.1) for
one length of time, and was found to predict the carbon formation for a different run time within
3%.
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1 Introduction

1.1 Overview

Research on catalytic reforming has progressed through several stages in recent years. The focus
of many studies has been on reforming current infrastructure fuels to produce a H, and CO-rich
product stream for use in solid oxide fuel cells. This application requires a catalyst that can
perform for long periods of time at temperatures >850°C, and remain thermally stable at
temperatures as high as 1200°C. Simple supported metal catalysts deactivate quickly under these
conditions, especially in the presence of sulfur and aromatic species, both of which are found in
the fuels considered for transportation, distributed, and remote applications. The deactivation
occurs in several ways: loss of active metal from vaporization, sulfur poisoning from
agglomeration into large metal particles, covering of active sites with coke, and the loss of active
metal from support collapse.

The design of a better catalyst has focused on improvements to address the different modes of
deactivation. Efforts have included the examination of both transition and precious metals.
Several efforts examined the substitution of the active metal into thermally stable oxides like
perovskites (ABQ3), pyrochlores (A;B,07), and hexaaluminates (ABAI12019). This approach
results in the formation of small metal particles that are more resistant to poisoning, and less
likely to move around the surface and form agglomerates.

Other studies demonstrated improved performance by supporting the active metal onto materials
with oxygen-conducting (OC) properties to reduce carbon formation. This led to the approach of
depositing the substituted oxide onto an oxygen-conducting support. These materials
demonstrated even greater resistance to deactivation than substituted oxides and metals
supported on OC materials alone.

The next major development consisted of substituting active metals into a thermally stable oxide
structure that possesses OC properties. The pyrochlore structure was identified as a good
candidate and was studied with various levels of doping the A and B sites. The pyrochlore was
also selected since larger, and more active metals like Rhodium, could be successfully
substituted into its crystal lattice, unlike the hexaaluminate structure. It was determined that the
active metal could be substituted into the B site, while other metals could be substituted into both
the A and B sites to promote oxygen conductivity and other desired properties.

The final form of the catalyst may be a combination of the substituted pyrochlores supported by
a separate OC material, to provide additional oxygen mobility to active metal sites. Figure 1-1 is
a diagram of the catalyst development in the stages described.
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The objectives of this research were to investigate different approaches for 1) the catalyst design
and 2) reactor design for catalytic partial oxidation (CPOX) of hydrocarbons.

1) Catalyst design approaches included substitution of active metals into two different
mixed-metal oxide structures (hexaaluminate (HA) and pyrochlore (PC)), and the
combination of these materials with ceria based oxygen-conducting supports (OCS).

a. Deposition of HA onto zirconium-doped ceria (ZDC) and gadolinium-doped ceria
(GDC) at different weight loadings (10, 15, 20, and 50 wt%).

b. Deposition of HA onto GDC using two different deposition techniques: incipient
wetness impregnation and solid-state mixing.

c. Deposition of PC onto ZDC at different weight loadings (10 and 20 wt%).

2) Reactor design consisted of a segmented catalyst bed, with placement of catalyst
compositions in different locations of the reactor bed.

a. Ni-substituted HA and Rh-substituted PC alternated in the top and bottom
sections of the catalyst bed.

b. Ni-substituted PC and Ru-substituted PC alternated in the top and bottom sections
of the catalyst bed.

Ni-substituted PC and Rh-substituted PC were deposited onto structured alumina foams and
alternated in the top and bottom section of the catalyst bed.

Additionally, the formation of deactivating carbon on a Rh-substituted pyrochlore catalyst was
examined and modelled for CPOX of a hydrocarbon fuel followed by temperature programmed
reduction. The carbon formed on the catalytic sites and the non-catalytic surface sites was
measured separately to determine the cause of catalyst deactivation.

The significance of this work is the introduction of a new catalyst design and reactor bed
configuration to reform a hydrocarbon fuel under waterless or near-waterless conditions with a
reduced amount of costly noble metal. This is desirable for generating gaseous fuel for solid
oxide fuel cell applications in transportation and remote and distributed power generation.
Further, the novel aspects of this research are the combination of a substituted oxide catalyst with
an oxygen-conducting support, rather than the traditional deposited metal catalyst, for reforming.
Additionally, the approach of studying the carbon formation in different regions of the reactor by
CPOX of a hydrocarbon followed by temperature programmed oxidation to produce a carbon
deposition profile in a segmented bed has not been found previously in the literature.

1.2 Background

Catalytic partial oxidation (CPOX) is an attractive option to produce H, and CO from
hydrocarbon fuels for fuel cell applications. In particular, CPOX is suitable for compact or
mobile fuel processing systems integrated with solid oxide fuel cells due to similarity of
operating conditions and the utilization of currently available infrastructure fuels. CPOX can also
be followed by the water-gas shift (WGS) reaction to produce a pure H, stream for use in
polymer electrolyte membrane (PEM) fuel cells.

CPOX has the advantage of inherently rapid reforming kinetics with rapid light-off
characteristics and response to transients. Since there is no need to feed water, as in steam



reforming (SR) and oxidative-steam reforming (OSR), CPOX reactors are smaller and more
easily integrated into transportation-based, onboard fuel reforming systems, as well as remote
and distributed power applications. Additionally, the exothermic nature of this process reduces
the heat needed to be supplied to the system, making it ideal for integration with high-
temperature fuel cells. Challenges for the CPOX of hydrocarbons include catalyst deactivation
from high-temperature sintering, metal vaporization, support degradation, coke formation, and
poisoning from sulfur and other contaminants.

The reactions occurring in the CPOX of hydrocarbons are complex. The overall CPOX reaction
can be described by Equation 1-1. However, several side reactions can occur and are presented in
Table 1-1 using methane as the hydrocarbon species. The most significant side reactions are the
WGS (1-4), steam reforming (1-5), and CO, reforming (1-6), which help produce the final
synthesis gas composition. This composition will vary based on the hydrocarbon fuel and the
reaction conditions.

C.,H, +p(O,+3.76N,) > wCO + xCO, + yH, + zH,0 + (3.76 p)N, (1-1)

Table 1-1. Side reactions® in the hydrocarbon partial oxidation system (adapted from [1]).

CHs + 20, — CO5 + 2H,0 Combustion (1-2)
CH; + O, — CO; + 2H, (1-3)
CO +HyO « CO, + H, Water Gas Shift (1-4)
CH4 + H,0O «+ CO + 3H, Steam Reforming (1-5)
CH4 + CO, «> 2CO + 2H» CO, Reforming (1-6)
CO+Hy; - C+H)0 (1-7)
CH; < C+2H, Methane Decomposition (1-8)
2C0 - CO+C Boudouard (1-9)
CO +0.50;, — CO, (1-10)
H, + 0.50, — H,0 (1-11)

®All reactions involving O, are thermodynamically irreversible

Typical operating conditions provided by Enger et al. are the temperature range of 400-1000°C,
atmospheric pressure, and flow rates of 0.1-10 NI/min (at STP). They also provide a very useful
set of tables that summarize all the different methane CPOX catalysts found in the authors’
review of literature, their promoters, supports, and references [1]. Another important reaction
condition is the weight hourly space velocity (WHSV) defined in Equation 1-12. This value is
sometimes referred to as gas hourly space velocity (GHSV), although the value for this is
typically calculated as the volumetric gas flow rate divided by the volume of the catalyst,
resulting in units of 1/h. This value of WHSV can range from several hundred to several hundred
thousand scc/ggateh.

WHSV = Volumetric Gas Flow Rate (1_12)

Mass of Catalyst

Here the CPOX of various hydrocarbon fuels will be discussed for a variety of catalysts and
operating conditions. The fuels include light (gaseous) and heavy (liquid) hydrocarbons. The



catalysts in the CPOX process are typically noble metals (Pt, Ru, Pd, or Rh) and transition metals
such as Ni and Co dispersed onto an appropriate support. However, substituting these metals into
thermally stable oxide structures is believed to provide additional thermal stability and some
resistance to deactivation.

The discussion will begin with an examination of the thermodynamic equilibrium compositions
at atmospheric pressure for the hydrocarbon fuels at different oxygen-to-carbon (O/C) ratios and
temperatures in Section 1.2.1. Section 1.2.2 is an analysis of the kinetics and reaction
mechanisms that have been proposed in the literature for CPOX.

Sections 1.2.3 and 1.2.4 cover the CPOX of gaseous and liquid hydrocarbons, respectively.
Specifically, these sections will look at a variety of factors that affect the CPOX of these fuels,
including reaction conditions, catalyst, and the specific fuel being reformed. The catalyst
properties that will be examined include activity of transition and noble metals, metal loading or
substitution, surface properties, and resistance to deactivation. Further, the effect of the catalyst
support properties, such as morphology, composition, and ionic conductivity, will be discussed.
Finally, the factors related to the fuel type include the presence of unsaturated and/or aromatic
hydrocarbon species, sulfur-containing species, and oxygenated compounds.

Several reviews on the CPOX of hydrocarbons have been published in recent years. The largest
amount of research reported and reviewed has been related to the CPOX of methane [1-6], while
fewer studies have been reviewed related to the CPOX of higher hydrocarbons [7, 8]. Major
points of discussion provided in these reviews will be summarized in the appropriate sections to
follow. The most important issues and factors with regard to the current state of research on the
CPOX of hydrocarbons are identified and discussed.

1.2.1 Thermodynamics

Thermodynamic calculations for the POX (Equation 1-1) of the various fuel types were
performed using HSC Chemistry 5.0 [9], and the results are presented in the following sections.
The effects of temperature and O/C ratios are examined in this section. O/C ratio is defined as
the atomic ratio of oxygen fed by air to the carbon number of the fuel species. Equilibrium
product distributions and carbon formation characteristics for several representative fuels are
examined over the temperature range of 300-1000°C and over an O/C ratio of 0.9-1.5. All
calculations were conducted at atmospheric pressure; therefore, the effect of pressure is not
addressed.

1.2.1.1 Heat of reaction

Table 1-2 shows enthalpy values for selected C,—C;g hydrocarbons. The enthalpies of reaction
for all alkanes decrease with increasing carbon number; however, the enthalpy for each
hydrocarbon per carbon atom approaches a near-constant value for a given set of conditions.
These values are the enthalpy for each hydrocarbon divided by the number of carbon atoms per
mole.

The enthalpy values for the POX of methane, i-octane, and n-tetradecane (TD), according to
Equation 1-1, at an O/C = 1.2 from 300-1000°C are presented in Figure 1-2. Isooctane was
selected as a model compound for gasoline; TD was selected as a model compound for diesel
fuel. At temperatures above 700°C, the enthalpy becomes slightly positive for methane,
indicating that the endothermic reactions (SR and CO, reforming) dominate. At these higher



temperatures, the steam and CO, produced from an increase in combustion reaction increases the

extent of these reactions.

Table 1-2. Enthalpy of POX reaction for various hydrocarbon fuels: O/C=1.2, T=900°C)
(Calculations using HSC Chemistry 5.0 [9]).

Hydrocarbon |AH (kJ/kmol)| AH (kJ/kmol C)
CH, 55.90 55.90
CoHg 20.70 10.35
CsHg -5.59 -1.86
C4H1g -28.70 -7.18
CeH1g -78.70 -13.12
CgH1s -129.00 -16.13
C1oH2o -178.00 -17.80
C1oHog -228.00 -19.00
C1aH30 -278.00 -19.86
CigH3a -328.00 -20.50
CigHssg -378.00 -21.00
500
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Figure 1-2. Enthalpy of reaction for POX of methane, i-octane, and n-TD at different temperatures:
0/C=1.2, 0.10 MPa (Calculations using HSC Chemistry 5.0 [9]).

1.2.1.2 Effect of temperature

Figure 1-3 shows the effect of temperature on methane POX over a temperature range of 300—
1000°C at an O/C ratio of 1.2 and atmospheric pressure. H, and CO levels increase up to
~750°C, after which they remain essentially constant. The CO level increases slightly up to
~550°C, at which point it begins to be consumed by reforming of the remaining methane
(Equation 1-6). H,O and C decrease up to ~700°C, beyond which carbon is thermodynamically
unfavorable. Complete conversion of methane is accomplished at ~800°C. Above 800°C, there is
a slight and gradual increase in CO and H,0, along with a decrease in CO,, indicating that the

reverse WGS reaction is occurring.
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Figure 1-3. Equilibrium product distribution for the POX of methane for different temperatures:
0/C=1.2, P=0.10 MPa (Calculations using HSC Chemistry 5.0 [9]).

Figure 1-4 shows the effect of temperature on TD POX over a temperature range of 300-1000°C
at an O/C ratio of 1.2 and atmospheric pressure. Unlike methane, the H, produced does not level
off, but reaches a maximum at ~750°C before gradually declining due to formation of water. The
CO continues to increase through this temperature range from the reverse WGS. Complete
hydrocarbon conversion is achieved at ~800°C; carbon formation goes to zero at ~710°C.
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Figure 1-4. Equilibrium product distribution for the POX of TD for different temperatures: O/C=1.2,
P=0.10 MPa (Calculations using HSC Chemistry 5.0 [9]).




1.2.1.3 Effect of O/C ratio

The effect of the O/C ratio on the product distributions for methane POX at 900°C is shown in
Figure 1-5. Conversion of methane is complete over the range of O/C ratios studied.
Thermodynamically, carbon formation goes to zero at O/C ratios greater than 1.0, with the
highest H, and CO yields near this ratio. The levels of combustion products, CO, and H,0,
increase with a corresponding decline in H, and CO levels above an O/C of 1.0.
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Figure 1-5. Equilibrium product distribution for the POX of methane for different O/C ratios:
T=900°C, P=0.10 MPa (Calculations using HSC Chemistry 5.0 [9]).

The effect of the O/C ratio on the product distributions for TD POX at 900°C is shown in Figure
1-6. The trends for this hydrocarbon are qualitatively identical to those for methane.
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Figure 1-6. Equilibrium product distribution for the POX of TD for different O/C ratios: T=900°C,
P=0.10 MPa (Calculations using HSC Chemistry 5.0 [9]).




1.2.2 Reaction Mechanisms and Kinetics

1.2.2.1 Reaction mechanisms

The reaction mechanisms for the CPOX of hydrocarbons are extremely complex. This discussion
will focus on the CPOX of methane for simplicity and will be generalized for any catalyst.
Additional discussion of mechanisms related to specific catalytic metals will be given in Section
1.2.3. The mechanisms for higher hydrocarbons are much more complex with a significantly
greater number of possible side reactions and intermediate steps. Additionally, cracking reactions
become significant for higher hydrocarbons, making the mechanism even more difficult to
predict.

There are several challenges to determining a reaction mechanism for the CPOX of methane.
First, it is likely that more than one mechanism is occurring for a given reaction system. Second,
the nature of the catalyst, which may change over time, can affect which mechanism dominates.
Further, the interaction of the active metal with the support may play a role. Third, the reaction
mechanism can change under different operating conditions (O/C ratio, temperature, space
velocity). These factors and their potential effects on the reaction mechanisms for the CPOX of
methane will be discussed in depth in the following sections.

Two main mechanisms for the CPOX of methane have been proposed and reviewed in literature:
direct and indirect [6]. In the direct mechanism, methane is decomposed to elemental carbon and
hydrogen. Next, the elemental carbon on the surface of the catalyst reacts with oxygen on the
surface to form CO. Finally, H, and CO gas desorb from the surface to yield synthesis gas.

In the indirect mechanism, sometimes referred to as combustion and reforming reactions (CRR),
the formation of the products takes place in two separate regions, or zones, of the reactor. First, a
portion of the methane reacts with oxygen to form combustion products (water and carbon
dioxide). This is followed by steam and CO, reforming reactions with the remaining methane in
the second region of the bed. Additionally, a mixture of the direct and indirect mechanisms has
been proposed.

Figure 1-7 is a diagram showing a simplified comparison of the direct and indirect mechanism
for the CPOX of methane on a catalyst surface. The first three steps are the adsorption and
decomposition of methane to carbon and hydrogen species on the surface, present in both
mechanisms, represented in Figure 1-7 (a—c). The dissociation of methane to each CHy species is
not presented. For the direct mechanism, the dissociative adsorption of oxygen follows, which
oxidizes the surface carbon to CO (Figure 1-7 [d—e]). This is then desorbed into the bulk gas.

For the indirect mechanism, the combustion products CO, and H,0O are formed from the
adsorbed oxygen (Figure 1-7 [f]). This can occur if the rate of oxidation of the CO species is
faster than the rate of CO desorption and if the OH species (not shown) formed from the reaction
of oxygen with surface hydrogen are very stable, also leading to deep oxidation. The indirect
mechanism then can take two parallel pathways to convert the remaining methane via steam
reforming (Figure 1-7 [g—h]) and CO, reforming (Figure 1-7 [i—j]). These reactions are both
highly endothermic and dominate once all the oxygen fed with the methane is consumed in the
first part of the bed. Other possible side reactions not shown are the WGS and methanation
reactions.
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Figure 1-7. Diagram comparing the direct and indirect mechanism for the CPOX of methane.

Table 1-3 provides a summary of the studies reviewed by York et al. [6] for the direct and

indirect mechanisms for methane CPOX. They correlate the mechanism to reduced vs. oxidized
catalyst surfaces, where reduced sites promote the direct mechanism and oxidized sites promote

the indirect mechanism. In some studies, both oxidized and reduced species are present. It is

assumed that the indirect mechanism is expected for the catalyst exotherm studies reported.

Further, it is concluded that the direct mechanism proposed by Hickmann and Schmidt [10-13] is
reasonable at low surface coverage; however, the indirect mechanism is more strongly supported

for “working catalysts.”
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Table 1-3. Summary of methane CPOX mechanisms provided by York et al. [6].

Direct Mechanism

Indirect Mechanism

Author(s) Metal(s) | Support(s) Author(s) Metal(s) Support(s)
Peters et al. [14] N/A N/A Dissanayake et al. [15] Ni Alumina
Au et al.[16, 17] Ni Silica, Vermeiren et al. [18] Ni Alumina, Silica,
Alumina Zirconia, Zeolites
Hu and Ruckenstein [19, 20] Ni La,03 Heitnes et al. [21, 22] Ni, Pt, Pd Alumina,
Cordierite
Mallens et al. [23] Pt N/A Passos et al. [24] Pt Alumina, Zirconia,
Ceria
Passos et al. [24] Pt Yttria Hochmuth [25] Pt/Pd Ceria/Alumina
Hickmann and Schmidt [10-13, Pt, Pt- Alumina Ohetal. [27] Pt, Pd, Rh Alumina
26] Rh w/ & w/o Ce
Baerns et al. [28-30] Rh Alumina Heitnes et al. [31] Pt-wire gauze N/A
Qinetal. [32] Ru MgO Horn et al. [33] Rh Alumina
Wang et al. [34] Rh Alumina Boucouvalas et al. [35] Rh Alumina
Wang et al. [34] Rh Alumina

11



1.2.2.1.1 Direct mechanism for partial oxidation

A complete set of steps for the direct mechanism for the CPOX of methane is much more
complex than shown Figure 1-7. One such set of reaction steps is provided by Wang et al. [34].
Their mechanism studies were conducted with Rh/Al,O3 through the use of temporal analysis of
products (TAP). This method used a pulse reactor under vacuum with residence times for each
pulse that are less than the reaction, adsorption, and/or desorption times. The results of this study
yielded a mechanism consisting of 24 steps divided into five categories: (1) adsorption and
dissociation of methane, (2) surface reactions, (3) desorption, (4) events on Al,O3-sites, and (5)
inverse spillover from the support to the metal surface. These steps are listed in Table 1-4.

Step 1 in Table 1-4 shows the dissociative adsorption of oxygen, which was not shown in Figure
1-7. Steps 2—6 provide a more detailed step-by-step look at the adsorption and dissociation of
methane represented previously in Figure 1-7 (a-c). Step 8 is the formation of CO from the
reaction of surface oxygen and carbon, while Steps 7, 9, 10, and 13 show the formation of
hydroxyls and their role in oxidizing surface carbon species to CO through the formation of —
COH. Weak Me-0O bonds helps produce CO as primary product.

Steps 11, 12, 16, and 17 show the formation of combustion products CO, and H,0. As
mentioned earlier, the stability of the adsorbed CO and OH surface species will control the extent
of the formation of these products. Although this is discussed as a direct mechanism, it does not
exclude the formation of these over-oxidized species. However, this is not considered an indirect
mechanism since it does not include steps for the reaction of methane with adsorbed water or
CO..

Steps 22-24 show how the nature of the support can play a role in the formation of hydroxyls
and the combination of these hydroxyls to form water on the support surface. This demonstrates
how the nature of the support can affect the steps in the CPOX of methane.

In the direct mechanism, reaction conditions require reduced, highly active metals and low
methane conversion, which suggest low temperatures and/or high space velocities. The increased
space velocity can cause reduction in methane conversion from either shorter residence time or
decreased catalyst surface temperatures. Longer residence time of adsorbed species on the
catalyst surface increases the formation of combustion products, leading to the indirect
mechanism. Differences between the bulk gas and surface temperatures have been shown to be
as high as 300°C [15]; therefore, lower temperatures can suppress the combustion reactions,
again leading to the direct mechanism.

The dissociation of methane has been reported as the rate-limiting step for CPOX. The oxidation
state of the active metal and the role of oxygen in methane dissociation is a subject of debate. Au
and Wang [36] studied Rh and RhO catalysts for the CPOX of methane. They reported that
reduced Rh metal was the active site for the reaction and that RhO reduces quickly to a metallic
site. At high Rh surface coverages, the dispersion was low, and it was determined that the larger
metal sites could completely dissociate methane. At low coverages and high dispersion, it was
determined that lattice oxygen could play a role in the dissociation of methane.

Oxygen adsorbed on the metal has been reported to promote dehydrogenation, while oxygen
adsorbed on bridge or hollow sites does not. Some studies report that methane is activated by
lattice oxygen of the support, while others suggest its dissociation takes place on the active metal
site with no interaction with oxygen. Au and Wang [36] used the bond-order conservation
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Morse-potential approach [37] to evaluate the activation of methane with and without the
interaction of chemisorbed oxygen. A comparison of the activation energies for these two
scenarios is given in Table 1-5. It was determined that oxygen can play a role in the dissociation

of methane, but that it occurs with oxygen species at the on-top sites and not with the bridge or

hollow sites.

Table 1-4. CPOX reaction mechanism by Wang et al. [34].

Adsorption steps & dissociation of methane
0, +2* < 20% (1)

CHa + * <> CHs* (2)

CHa* + * <> CHz* + H* (3)

CH3* + * «» CHy* + H* (4)

CHy* + * «> CH* + H* (5)

CH* + * «> C* + H* (6)

Desorption steps
CO* «> CO + *(18)
2H* & H, + 2* (19)
CO,* « CO, + * (20)

H,0% < H,0 + * (21)

Surface reaction steps

O* + H* > OH* + * (7)

C* + O* «> CO* + * (8)

C* + OH* <> COH* + * (9)
COH* + * « CO* + H* (10)
CO* + O* > CO.* +* (11)
CO* + OH* « COy* + H* (12)
CHy* + OH* <> CHys1 0% + * (13)
CHy* + O* «> CHyO* + * (14)
CH,O* + * «> CO* + xH* (15)
OH* + H* « H,0* + * (16)

20H* <> H,0* + O* (17)

Events on Al,Os-sites
H,0 + #O# <> OH# + H-O# (22)

OH# + H-O# <> O# + H,0# (23)

Inverse spillover from the support to
the metal surface

HaO# + * <> H,O* + # (24)

* Metal sites and # Al,O5 sites
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Table 1-5. Comparison of methane dissociation with and without oxygen participation [17].

Elemer_ltary Ea Surface oxygen Ea (kJ/mole)
reaction (kd/mole) adsorbed on-top aridge | Hollow
CH; — CHz+H 61 CH4+0O — CH3 + OH 0 56 77
CH; —-CH;+H 103 CH;+ O — CH; + OH 31 95 116
CH, - CH+H 100 CH,+ O — CH+ OH 25 89 111
CH—-CH+H 21 CH+0O — CH+ OH 0 33 61

1.2.2.1.2 Indirect mechanism for partial oxidation

The indirect mechanism along a typical catalyst bed is represented by Figure 1-8. At the top of
the bed, all oxygen is consumed by the exothermic reaction with a portion of the methane in the
feed. This region can be on the order of 10% of the total bed and is controlled by the O/C ratio
and temperature. A temperature spike, as well as localized hot spots, promote the formation of
combustion products. The remaining methane is converted in the bottom portion of the catalyst
bed through endothermic secondary reforming reaction with the methane and water produced in
the first region.

CH.+0, =5 xCO, +2xH.,O0+(1-x)CH,;AH <0
Total Oxidation

CH.+H, 0= CO+3H,;AH =10
Steam Reforming

CH,+C0, - CO+H,;AH =10
CO; Reforming

Figure 1-8. Diagram of CPOX reactor with indirect mechanism.

Horn et al. present results supporting the indirect mechanism for the CPOX of methane over Rh
catalysts [33, 38, 39]. Although their studies included autothermal conditions, the mechanism
proposed is analogous. In their investigations, spatially resolved measurements of temperature
and gas compositions down the length of the catalyst bed were made through the use of a quartz
capillary tube. These experiments, accompanied by numerical simulations, studied CPOX of
methane over a range of O/C ratios and flow rates. Some of their results are presented in Figure
1-9.

Their results support the indirect mechanism and found that oxygen conversion is complete
within the first 2 mm of the catalyst bed, where some H, and CO are formed. Carbon dioxide
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was also formed in the oxidation zone, but additional amounts were formed in some cases
downstream from the WGS reaction. Additionally, the results suggested that CO, reforming did
not occur and was therefore not considered part of their mechanism. Instead, unconverted
methane reacts with steam in the feed and steam formed in the oxidation region at the inlet. The
following figure from one of these investigations [33] provides the composition and temperature
profiles for one of the conditions reported.
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Figure 1-9. Species and temperature profiles for CPOX of methane at different C/O ratios [33].

1.2.2.1.3 Effect of space velocity

Typically, increasing space velocity reduces conversion since the residence time decreases. In an
exothermic reaction, like the oxidation of methane, increasing the space velocity should therefore
decrease the amount of heat generated and consequently reduce the temperature spike at the front
of the catalyst bed (Figure 1-10). Further, an increase in the flow of a lower temperature feed
should decrease the temperature spike, especially in cases with heavy dilution. As stated earlier,
the difference in gas feed temperature could have a significant effect on the catalyst surface
temperature. However, there appears to be some inconsistencies surrounding these trends in the
literature.
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Figure 1-10. Schematic representation of the temperature profile in a CPOX reactor [3, 15, 40].

It has been reported that increasing the space velocity increases the conversion of methane under
partial oxidation conditions and also increases the temperature spike at the front of the catalyst
bed. For example, Figure 1-11 shows the measured gas phase temperature of a study conducted
by Enger et al. using a Ni-based catalyst [41]. It is clear that the increased space velocity resulted
in a higher temperature spike at the front of the reactor bed. The temperature spike occurring
before the beginning of the bed was explained by the potential presence of catalyst fine particles
in the “inert” portion of the bed, which likely occurred during loading of the reactor.

This phenomenon is also reported by Tsang et al. [3]. Here the catalyst was Ni/MgO, and the
space velocity is reported from 0-900,000 ml/g/h. The furnace around the reactor was set at 973
K, and the highest measured temperature in the catalyst bed approached 1300 K at the highest
space velocity tested.

It should be considered that the expectation of a decreased conversion with higher space velocity
may be assuming a specific mechanism, which if not representative of what is actually taking
place, may alter the response of the system to different conditions. It must also be assumed that
the starting gas velocities are already beyond the flow regime where mass and heat transfer
limitations are significant. It is possible, therefore, that reports of increasing conversion with
increasing space velocity indicates that the initial flows were not high enough to overcome
diffusion and heat transfer resistance. It may also indicate the presence of two zones in the
catalyst bed where different reactions dominate, as in the indirect mechanism. In this case, an
increase in flow may result in a decrease in the initial conversion of methane at the front of the
bed but increased heat transfer at the end of the bed where secondary reforming reactions occur,
leading to an overall increase in methane conversion from steam and CO, reforming.
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Figure 1-11. Position of temperature spike in reactor bed for CPOX of CH4 on Ni/a-Al,O3 [41].
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Figure 1-12. Effect of flow-rate on catalyst-bed temperature using Ni/MgO (Ni/Mg = 3) catalysts.
Furnace temperature = 723 K, CH,/O, = 2 [3].

As discussed in Section 1.2.2, the catalyst will determine which mechanism dominates and, as a
result, can potentially yield apparently contradictory results under similar conditions. Figure 1-13
provides an example of how this can occur. In their review of CPOX literature, Bharadwaj and
Schmidt [2] generated this figure from three different studies for comparison. Three different
catalysts are represented: Ni, Ru, and Pt. For the Ni and Ru catalysts, the trend expected for
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increasing space velocity is observed—methane conversion decreases. This figure also shows
that CO selectivity decreases with increasing space velocity for these catalysts. However, for the
Pt catalyst reported by Hickman et al. [10], there is a steady increase in methane conversion and
an increase followed by a leveling off of CO selectivity as space velocity increases. It should be
noted that the range of space velocity studied for the Pt catalyst is relatively narrow. It may be
expected that, if the Pt catalyst were to be tested at higher space velocities, it too would begin to
yield a decrease in methane conversion and a concomitant drop in CO selectivity.

It would be impossible to draw any conclusions from the data in Figure 1-13 without closely
examining the operating conditions associated with each study. For example, the studies
conducted on the Ru and Ni catalyst had an O/C ratio in the feed of 1.0 and 1.12, respectively,
while the study conducted with the Pt catalyst had an O/C ratio of 2.22. This alone may explain
the observed difference. Further, the Ni and Ru catalyst studies were conducted at similar
temperatures, 800 and 777°C, respectively. The Pt catalyst was tested at 1227°C. Therefore, even
at lower temperatures, the excess oxygen present for the Ni and Ru catalysts will result in a
higher yield of combustion products (CO, and H,0) corresponding to lower CO selectivity. For
the Pt catalyst, the inlet oxygen concentration is sub-stoichiometric, which produces less
combustion products even as the methane conversion increases. Also, at the higher temperatures,
the exothermic WGS reaction will be suppressed.
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Figure 1-13. Plot of the effect of gas hourly space velocity (GHSV) on CO selectivity and CH,
conversion. Figure generated by Bharadwaj and Schmidt [2] with data from (a) Aschroft et al. [42],
(b) Dissanayake et al. [15], (c) Hickman et al. [10].

1.2.2.1.4 Effect of catalyst oxidation state

When conducting mechanistic studies for the CPOX of methane, many factors can produce
apparently contradicting results. However, the feed conditions, the metal type, and the nature of
the catalyst surface, as well as the catalyst-surface interactions, should be carefully considered. It
is likely under typical operating conditions both mechanisms may be present, at least for some
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period of time. While the catalyst may initially produce syngas via the direct mechanism, as the
catalyst changes over time, the indirect mechanism may emerge. Indeed, it is not a question of
which mechanism is at work, but which mechanism dominates, and for how long.

Boucouvalas et al. reported a direct mechanism for a Ru catalyst supported on titanium oxide,
Ru/TiO, [43]. This catalyst was compared to Ni, Rh, Pd, Ir, and Ru catalysts supported on
alumina. Low methane conversions (oxygen conversion <100%) produced a minimal rate of
reforming reactions due to oxidized or partially oxidized metal surfaces and produced synthesis
gas primarily by the direct mechanism. It was found that, as methane conversion increased, the
formation of H,0 and CO, increased, leading to an increase in reforming reactions. The alumina-
supported catalysts produced syngas via the indirect mechanism due to the oxidation of the metal
surfaces. However, the Ru/TiO; catalyst maintained high CO selectivity even at lower methane
conversions, suggesting that the direct mechanism could still dominate. The ability of Ru/TiO; to
maintain a reduced surface under oxidizing conditions was determined to promote the direct
mechanism. Isotopic labeling experiments estimated that the total CO produced by steam and
CO; reforming (indirect mechanism) was less than 8% of the total CO produced. The interaction
of the Ru with the TiO, support was believed to produce a different type of surface state, which
was not able to be fully characterized.

Another example of the effect of metal oxidation state can be found in a study by Rabe et al.
[44]. This work also examined Ru catalyst and used pulses of CH4/O, and measured the

products. The results of this study are presented in Figure 1-14 and indicate that, for the partially
oxidized surface, CO, was the primary product and that, as the Ru became more reduced with the
higher number of pulses, CO became the primary product. This supports again that an oxidized
catalyst promotes the indirect mechanism.
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Figure 1-14. Effect of metal oxidation state on reaction mechanism [44, 45].
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1.2.2.2 Kinetic studies

Kinetic studies for the CPOX of methane are very difficult for many of the same reasons as
mechanistic studies. First, an appropriate mechanism must be selected. Because the reactions
occur very rapidly, mass transfer limitations may dominate. These limitations can make kinetic
measurements inaccurate. Further, erroneous results can be obtained from the presence of hot
spots, heat transfer limitations, surface coverage, and oxidation state of the active surface.
Factors that contribute most to hot spots include contact time, solid dilution, gas dilution, and
metal loading. Different approaches to overcome these challenges include the use of high space
velocities, dilute feed streams, and dilute or low-coverage catalysts, all of which have undesired
consequences for industrial applications.

Kinetic studies have been conducted with the goal of analyzing both direct and indirect reaction
mechanisms. Boucouvalas et al. examined the direct reaction mechanism with Ru/TiO; catalyst
[43]. The effects of heat and mass transfer limitations were first studied over Rh catalysts since
Rh is most active for methane CPOX. An additional concern identified in this study was the
difference in temperature between the catalyst surface and the temperature measured in the gas
stream. This difference was reported to be as high as 300°C [15].

Boucouvalas et al. also discussed the challenges encountered by increasing the space velocity in
the reactor. While high space velocities can be used to overcome mass transfer limitations, they
can contribute to an increase in the temperature spike at the front of the catalyst bed. To avoid
this, both the reactant mixture and catalyst bed were diluted to operate in the kinetic regime.

Hu and Ruckenstein conducted transient kinetic studies for methane CPOX over Ni/La;0O3
catalyst [20]. As shown in Table 1-3 their results supported the direct mechanism. The Kinetic
studies were conducted at low temperatures (450-700°C) and atmospheric pressure, using pulse-
transient analysis. The rate-controlling step was found to be the reaction between surface carbon
species and surface oxygen species. This was supported by the fact that the formation of these
species and the desorption of CO were much faster than the formation of CO. Theoretical values
for the activation energy for methane decomposition and oxidation of carbon on a Ni (111)
surface also confirmed this as the limiting step. Further, it was shown that as the number of
pulses increased, the CO selectivity decreased due to the oxidation of the catalyst. Overall, the
methane conversion is dependent on its rate of dissociation, and CO selectivity was dependent on
the binding strength of the oxygen species to the metal surface (i.e., strong binding produced
higher CO selectivities).

A kinetic study over Ni/La,Oj3 catalyst was conducted by Tsipouriari and Verykios [46]. Their
findings suggested the indirect mechanism, although they did concede that CO could be formed
by the direct mechanism at low oxygen concentration, depending on the oxidation state of the Ni
crystallites. Both the decomposition of methane and reaction of adsorbed C and O to form CO
were identified as the rate determining steps. A mechanism is provided for the formation of CO,
from adsorbed CO, which is assumed to precede later reforming reactions. Table 1-6 presents the
mechanism proposed in their study.

In their experiments, methane and oxygen conversions were less than 10%. The main
conclusions of this study were that the oxygen partial pressure strongly affected the rate of
reaction, while the partial pressure of methane did not. Also, it was determined that direct
oxidation occurs at low oxygen partial pressures under specific conditions. However, under
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typical oxygen partial pressure, the Ni catalyst will be oxidized, which is active for combustion
of methane to CO,. Based on this mechanism, the following rate expression was developed:

_ k1K;k3PcyaPos
(k1K3PcpaPos + ki Pepa + K2k3Pp3)

This kinetic model predicted well the kinetics for the indirect mechanism and was in good
agreement with the experimental data.

R

Table 1-6. Reaction mechanism steps for kinetic study [46].

Reaction Reaction Rate | Step
CH4 + *1; — intermediate 1 — C-*; + 4H-*; RDS 1
0, +* 2 0,-%, Equilibrium 2
Ox-* 2+ *— 20-%; Fast 3
C-*1+0O-*;— CO-*1+%, RDS 4
CO-*1+0-*;, > CO +*1+ %, Fast 5
-*1+0-*> OH-*1 + %, Very Fast 6
OH-*1 + H-*1 > H,0 + 2*; Very Fast 7

Another kinetic study was conducted using a 1.4 wt% Pt/Prg3Cep 35Zr0.350x/a-Al,03 catalyst by
Gubanova et al. [47]. The mechanism was a sequence initially used in similar studies by de Smet
et al. [48] and includes steps for reversible oxygen adsorption, carbon species oxidation, and
CO, formation. Table 1-7 provides the modified reaction sequence used to compare to
experimental data. The kinetic model developed matched the experimental results for H,
formation well; however, the mechanism for H, formation was not clear. Instead of being
produced by methane decomposition, reforming reactions, or WGS, it appeared to be formed by
the dissociation of water. This mechanism for H, formation is not typically associated with
CPOX.

Table 1-8 presents a reaction scheme and rate expressions for the same study [47]. It incorporates
the formation of H, by the coupling of surface hydrogen species (Step 6a) from the dissociation
of methane (Step 2). This scheme also presents the step for H, formation from the dissociation of
water (Step 7b). The model demonstrated good agreement with experimental data. The most
significant conclusion of this paper had to do with the role of the ceria support in the kinetic
rates. The kinetic model considers CO, reforming, since ceria catalyzes CO, dissociation, and
suggests this as a parallel reaction pathway not present in other data presented in literature for a
Pt gauze catalyst.

One final example of kinetic model development is by de Groote et al. [49]. This study examined
methane CPOX over a Ni catalyst. It compared a varying degree of reduction (VDR) model to a
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bivalent (BV) catalyst model and included the effects of co-feeding CO, and steam. The indirect
mechanism was assumed, and the reaction steps are provided in Table 1-9. The methane steam
reforming and CO, reforming reactions are shown in Steps 2 and 5, respectively. The kinetic
equations for these steps are provided in Table 1-10. The model was used to compare two states
of the Ni catalyst. The first was the VDR-model, and the second was the BV-model catalyst. The
results of these simulations were compared to typical values in an industrial autothermal
reformer, and both models were found to be in good agreement with observed data. It was
concluded, therefore, that the calculated equilibrium values were accurate. The significant
difference between the two models was identified as their predicted temperatures, which were
higher for the VDR-model. The significance of this finding is the effect of temperature on the Ni
catalyst sites.

Table 1-7. POM reaction scheme over supported Pt adapted from de Smet et al. to account for the
reversible oxygen adsorption, carbon species oxidation and CO, formation [47, 48].

Reaction f\(_)lr s 1 Sact 4. | Rate Equation | Step
(Pa~S~orS™) | (kJmol™)
Oy +2* — 20* 0.11 0 K1aP 026k la
20* — Opq) + 2* 1.7 x 10% 200 k1v6% 1b
CHa(g) + 20* — C* + 2H,0 g+ * 2.4x10° 482 | kaPcrsb’o 2
C*+0* - CO* +* 1.0 x 10" 62.8 | kaBcho 3a
CO* +* — C* + O* 1.0 x 10" 184 KabOcod* 3b
CO* + O* — COy + 2* 1.9x 10° 30 K4a0coBo 4a
COy +2* — CO* + O* 6.3 x 10° 28 KapPco20™* 4b
CO* - CO +* 1.0 x 10" 126 Ksabco 5a
CO + * — CO* 0.84 0 KsbPcob* 5b

* Denotes a Pt active site or a site located on the ceria, ky denotes the term Ay exp (-E actx/RT) or
S% exp (-E atx/RT), respectively.
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Table 1-8. POM reaction scheme over supported Pt proposed in this study accounting for H,

production [47, 48].

Reaction f\(_)lr s 1 Bt 1 Rate Equation | Step
(Pa"S"orS») (kJ mol™)
Oy +2* — 20* 0.68 0 k1aP026°k la
20%* — Oy + 2* 1.0 x 10" 200 k6% 1b
CHyg + 5% — C*+ 4H* 9.35 x 10° 125.2 koPcra®’o 2
C*+0* - CO* +* 1.0x 10" 62.8 k3a6cOo 3a
CO* +* — C* + O* 1.0x 10" 184 KabOcod* 3b
CO* + 0* — COy + 2* 3.2x10% 37.4 K420coo 4a
COyq) +2* — CO* + O* 9.9 x 10° 10 KabPco20®* 4b
CO* — CO( + * 1.0 x 10" 126 KsaOco 5a
COg +* — CO* 0.71 0 KsbPcob* 5b
2H* — Hy(g + 2* 1.0 x 10" 159.7 KeabH 6a
Haq) + 2* — 2H* 0.02 0 KebPr207* 6b
2H* + O* — HyO0y + 3* 1.0x 10" 20 k726’ 00 7a
H,0yg + 3% — 2H* + O* 1.0 x 10° 69 K7pP200>* 7b

* Denotes a Pt active site or a site located on the ceria, see section 5, kx denotes the term Ay exp

(-E actx/RT) or S°% exp (-E actx/RT), respectively.
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Table 1-9. Indirect reaction mechanism steps for kinetic study by de Groote et al. [49].

Reaction Step
CH4 + 20, = CO;, + 2H,0 1
CH; + H,0 = CO + 3H; 2
CH4 + 2H,0 = CO; + 4H; 3
CO+H,0=CO; + H, 4
CH; + CO, = 2CO + 2H, 5
2CO0=C+CO; 6
CHy;=C+2H; 7
C+H,0=CO+H, 8

Table 1-10. Kinetic equations for study by de Groote et al. [49].

Kinetic Equation Step

(= KilCHall0a] . ksl[CH4][05]° 1
1T (1+K4[CH,]+K2[02])2  1+K, [CH,]+K[0g]

(= k3/pfi5 (PcH,4PH,0 — Pit,Pco/Ks) 2
)=
(1+Kcopco + Ku,PH, + KcH,PcHy + KH,0PH,0 /PH, )?

_ Ks/piiy (PCH4PH,0~ P, PCo,/Ks) 3
3=
(1+Kcopco + Ku,PH, + KcH,PcHy + KH,0PH,0 /PH, )?

[y = K4/PH, (PcoPH,0 — PH, Pco,/Ka) 4
4=
(1+Kcopco + Ku,PH, + KcH,PcHy + KH,0PH,0 /PH, )?
fo= kepco — k7Pco, /Pco 5
5=
(1+Kopco,/Pco)
[z KspcH, /p%fi - k9p'1-512 6
6=
1+ KHZpHZ )2

K10PH,0 / PH, 7

7=

(1+ KHsz2+ KWszo /pH2 )2

r3= f(po,) 8




1.2.3 Methane

1.2.3.1 Base Metal Catalysts

The base metals that have been examined most for the CPOX of methane are Ni, Co, and Fe, and
to a much lesser degree Cu. Supported Ni has been used for decades in industrial methane steam
reforming. These metal catalysts are attractive since they are significantly cheaper than noble
metals; however, they have much lower activity and are more quickly deactivated by carbon
formation, sulfur poisoning, and oxidation.

1.2.3.1.1 Effect of modified alumina supports

These metal catalysts are often supported on high surface area alumina supports to provide high
levels of dispersion. Under the high temperature and highly oxidizing conditions of methane
CPOX, catalytic activity can be lost by the vaporization of the active metal, agglomeration of
metal sites into larger cluster, which reduces dispersion, and encapsulation of the metals in
collapsed pores from support sintering. Additionally, the formation of inactive spinel crystal
structures may occur (NiAl,O4, CoAl,O4, and FeAl,04). One approach to mitigate this issue is
the addition of other metals to the surface of the alumina support to reduce sintering. For
example, Ba and La have been added to alumina supports to retard the conversion of higher
surface area y-alumina to low surface area a-alumina. La has also been shown to slow down the
incorporation of the Ni, Co, and Fe metals into the alumina support to form the spinel structure.

Table 1-11 provides the results of the temperature programmed reduction (TPR) study conducted
by Slagtern et al. [50] for Ni, Co, and Fe catalysts on alumina with La. The reduction peak for Ni
decreases from 770°C to 400°C when La is added; the peak at 995°C corresponds to reduction of
the support. This result indicates that the Ni metal is more easily reduced when La is present,
which would result in higher activity. The Fe/La/Al,O3 yielded four reduction peaks at 320, 505,
790, and 930°C, but was only 53% reducible. Co/La/Al,O3 yielded a single peak at 950°C, and
only 10% was reducible.

Table 1-11 also shows that Ni/La/Al,O3 had the highest CO selectivity at 45%; however, this
does not necessarily suggest overall better performance, since the overall conversion is not
presented.

Table 1-11. 12 Results of TPR studies and CO selectivity data for Ni, Co, and Fe catalysts over La-
promoted alumina supports [50].

Temperature of Extent of Temperature for CO
Catalyst eak rﬁaxima °C) reduction from H, | total oxidation | selectivity
P consumption (%) (°C) (%)
Ni/Al,O3 770 1172 600 2
Ni/La/Al,O3 400, 995 100° 750 45
Fe/La/Al, O3 | 320, 505, 790, 930 53° 750-850 35-45
Co/La/Al,03 950 10° 750 25

aAssuming Ni(11); PAssuming Fe(l11); “Assuming Co(l1)
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Slagtern et al. [50] also compared the H,/CO ratios obtained by these catalysts presented in
Table 1-12. These results demonstrate that the Co/La/Al,O3 catalyst produced near equilibrium
values as low as 700°C, while the Ni/La/Al,O3 and Fe/La/Al,0O5 catalyst produced no H, until
900°C. The Ni/Al,O3 catalyst showed some activity at 700°C and yielded near equilibrium

values at 900°C. These results seem to be in conflict with the results from the TPR data,
suggesting that reducibility is not a main indicator of performance for this catalyst system.

Table 1-12. H,/CO ratios for Ni, Co, and Fe catalysts over La-promoted alumina supports [50].

Temperature | Equilibrium | Ni/Al,O; | Ni/La/Al,O3 | Co/La/Al,O3 | Fe/La/Al,O3
(°C)
600 2.7 0 0 a 0
700 2.1 0.2 0 1.8 0
800 2.0 1.0 0 2.0 0
900 2.0 1.9 1.0 2.0 1.9

1.2.3.1.2 Effect of basic supports

The effect of the catalyst support has been studied extensively for the CPOX of methane for all
types of metal catalysts. For this discussion, Ni-based catalysts will be used as an illustration,
although support effects are seen with all catalysts. Indeed, the proper selection of a catalyst
support is as significant as the active metal. The support can provide the desired metal
dispersion. It can also be susceptible to degradation under extreme reaction conditions. Further,
as discussed in Section 1.2.2, the support can even play a role in the reaction mechanism by
lowering the activation energy of adsorbed species (i.e., methane) and can enhance the
participation of adsorbed surface or lattice oxygen in the overall mechanism.

To demonstrate this point, the effect of several oxide supports on Ni catalysts for the CPOX of
methane was examined. A study presented by Tang et al. [51] compares Ni metal supported on
MgO, CeO,, and CaO. Figure 1-15 presents the results of a temperature programmed oxidation
(TPO) experiment on the Ni catalysts supported by the three different supports after methane
decomposition. The Ni/MgO catalyst produced the least amount of CO; during the TPO,
indicating that it had the smallest amount of surface carbon species. The Ni/CeO; catalyst
demonstrated the highest level of methane decomposition indicated by the highest amount of
CO; evolution. This catalyst also produced two different CO, peaks, suggesting that carbon was
present on two different types of surface sites. The first peak at ~773 K is attributed to carbon
adsorbed to the Ni sites. It is likely that methane decomposition also occurred on the CeO,
support, which produced the higher temperature peak. The Ni/CaO produced a very small peak at
~773 K, but a larger peak above 900 K also from carbon adsorbed on the support.

1.2.3.1.3 Effect of basic promoters

The addition of promoter metals can directly alter the nature of the active metal site. This
approach includes the addition of alkali earth metals to increase the basic nature of the catalyst
surface. This approach can affect the bonding strength of carbon to the active site to mitigate
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coke formation by making them less acidic. This may extend the life of the catalyst; however, it
is usually at the sacrifice of initial activity due to the covering of active sites.

An excellent example of the use of basic promoters is found in a study by Ma et al. [52]. Ni
catalysts supported onto y-alumina supports were promoted with rare earths and other basic
metals. The nature of the Ni sites was altered as evidenced by the H,-TPR data presented in
Figure 1-16. The Ni metal without a promoter had a reduction peak around 650°C. Promotion
with Na, Cr, La, and Ce shifted the reduction peak to a lower temperature in all cases, with Ce
giving the lowest temperature peak near 500°C. The lower reduction temperature also indicates a
reduction in the interaction of the Ni sites to the support.
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Figure 1-15. Effect of support on Ni reforming catalysts [51].
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Figure 1-16. H,-TPR spectra of catalyst samples [52].

The performance data of the promoted Ni catalysts presented by Ma et al. [52] are summarized
in Table 1-13. It is clear that the presence of the promoter improved conversion and H,
selectivity in all cases with only moderate improvement in CO selectivity. Also, the rate of the
combustion reaction decreases significantly and is zero for the La and Ce promoted Ni catalysts.
The increase in H; selectivity can be attributed to the increase in the third reaction. The effect of
the promoters can be attributed to a reduction in the interaction of the Ni sites to the alumina
support, evidenced by the TPR results. This may be explained further by a reduction in the role
of lattice oxygen from the support, which reduces the chance for over-oxidation, leading to
combustion products. It must also be considered that the promoters reduced the bond strength of
the adsorbed H, and CO species, allowing them to desorb more rapidly, thus preventing
oxidation to combustion products.

Table 1-13. Effect of basic promoters on CPOX of methane with Ni/y-Al,O3 catalysts [52].

promor | | 55|53 | om | oy | comtanien
-- 80.2 92.6 89.2 89.2 7.4 3.4
Na 89.2 97.4 90.3 90.3 2.6 7.1
Sr 91.8 98.1 91.9 91.9 1.9 6.2
La 93.9 100 93.7 93.7 0 6.3
Ce 92.1 100 92.8 92.8 0 7.2

It is worth mentioning that, while in the case of alumina, a reduction in the metal-support
interaction can produce a benefit for CPOX of methane, there are catalysts and reaction
conditions that see a benefit in the interaction that could be lost by the presence of certain
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promoters. It would, therefore, be undesirable to combine these approaches. One specific
example is oxygen-conducting supports, which is discussed in the next section.

1.2.3.1.4 Effect of oxygen-conducting supports

Another type of support that has been studied a great deal for the CPOX of methane is an
oxygen-conducting support. The use of a support with enhanced oxygen transport can improve
the rate of oxidation of adsorbed carbon species to CO and CO; by providing more rapid delivery
of oxygen to the active metal site. It is also beneficial when lattice oxygen plays a role in the
activation of the methane. Here, Ni catalysts supported on ceria-based materials will be
examined in detail as an example of how oxygen-conducting supports can help minimize carbon
deposition. Figure 1-17 provides a potential mechanism for the transport of oxygen to adsorbed
carbon species.

Surface Gas phase
Migration Oxygen
I adsorption

N

Metal
Catalyst

Catalyst Support

Figure 1-17. Proposed mechanism for the transport of gas phase oxygen with a supported
catalyst.

A series of doped ceria materials were examined for total ionic conductivity by Salazar et al.
[53], and the results are presented in Figure 1-18. High ionic conductivity has been shown to
correlate to high levels of oxygen vacancies, which produce oxygen ion conductivity.
Gadolinium-doped ceria (GDC), lanthanum-doped ceria (LDC), and zirconia-doped ceria (ZDC)
all yielded much higher ionic conductivity over pure ceria at 800°C.

The presence of additional oxygen mobility in the catalyst support produced a significant
reduction in deactivating carbon formation. One example of this was presented by Dajiang et al.
[54]. Ni was supported onto Al,O3, ZDC, and ZDC+AI,0O3. The composition and average carbon
formation of these materials under CPOX of methane are presented in

Table 1-14. Clearly, the presence of ZDC decreased the amount of carbon formed on the Ni
catalysts over the pure Al,O3. Temperature programmed reaction results for these catalysts are
presented in Figure 1-19. Methane conversion and CO selectivity indicate that the Ni catalyst
supported by ZDC+AIl,03 gave the highest CH, conversion and CO selectivity. Somewhat
surprising is the result that Ni/Al,O3 yielded better conversion and selectivity than the Ni/ZDC.
However, the CPOX studies conducted for 24 h in Figure 1-20 show that conversion drops off
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sharply after 20 h on stream for the Ni/Al,O3, while the Ni/ZDC conversion, initially lower,
remains stable.

Surface area measurement of the materials presented in these figures are also given in Table 1-14
and show that the ZDC supported catalyst possessed a much lower BET surface area than the
other materials. This is significant since a lower surface area will produce a lower dispersion. It
is likely that the Ni deposits on the ZDC catalyst were much larger clusters since the metal
loading was the same for all three catalysts at 8 wt%. Even though the GHSV was the same,
what could be called the “effective space velocity” based on the total number of available metal
sites would be much higher for the Ni/ZDC catalyst, which could account for the lower methane
conversion. Although different preparation methods may be able to produce a ZDC support of
higher surface area, it is not likely that it would retain the same level of ionic conductivity.

Another series of doped ceria supported Ni catalysts was studied by Salazar et al. [55] for the
CPOX of methane. These were prepared using the supports presented in Figure 1-18. The TPR
profiles for these materials are presented in Figure 1-21. The reducibility of ceria is significantly
increased by the presence of the dopants. This increase in reducibility can improve the
performance of the catalyst under reaction conditions.
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Figure 1-18. lonic conductivity of several doped ceria support materials [53].

Table 1-14. Characterization data of Ni catalysts with alumina and zirconia-doped ceria supports

[54].

Catalyst Ni loading | Surface Ratio Average coking
(Wt%) | area (m?/g) | (CeosZro402AlL03) |  rate (g/geah)

Ni/CeO,-ZrO, 8 25.8 3:0 0.008

Ni/CeO,-Zr0O,-Al,03 8 165.3 1:2 0.004

Ni/Al;O3 8 156.3 0:3 0.027
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Figure 1-19. Methane conversion and CO selectivity at different temperatures for CPOX with Ni
catalysts on alumina and oxygen-conducting supports [54].
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Figure 1-20. Methane conversion over time for CPOX with catalysts on alumina and oxygen-
conducting supports [54].
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Figure 1-21. TPR profiles for Ni catalysts on several doped-ceria supports [55].

1.2.3.2 Noble Metal Catalysts

Noble metals are attractive for the CPOX of methane because they possess inherently much
higher activity and selectivity than base metal catalysts. One major reason for their superior
performance is their ability to remain in a reduced state even under highly oxidizing conditions.
They are also more resistant to carbon formation and sulfur poisoning. However, they are
significantly more expensive than other metal catalysts, making them less favorable for large-
scale use.

1.2.3.2.1 Rh and Pt Catalysts

The majority of research for the CPOX of methane with noble metals has been conducted using
Pt and Rh catalysts. Both the direct and indirect mechanisms have been reported for these metals
(see

Table 1-3). Under similar conditions, the properties of Pt and Rh are different such that different
steps in the mechanism are more favorable for one than the other. For example, studies by
Hickmann and Schmidt [4, 10, 11, 13, 56] produced the following diagram for comparing the
results they observed for these two metals. As shown in Figure 1-22, Pt catalysts promote the
formation of surface hydroxides more easily than Rh, which will result in higher yields of steam.
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This is because the activation energy for this step over Pt (2.5 kcal/mol) was much lower than for
Rh (20.0 kcal/mol). This would clearly favor the indirect mechanism, since steam reforming
reactions would be faster. In contrast, Rh catalysts are more active for the dissociation of
methane to CHy species, which can be oxidized to form CO as the primary product. This
supports the reports of Rh catalysts operating under the direct mechanism. Other factors not
represented in this diagram are the strength of the bonds of the carbon species formed from
methane dissociation with the active metal site. Strongly adsorbed carbon will remain on the
catalyst for longer periods of time, which will increase the potential for full oxidation to CO..
Also important is the desorption rate of surface adsorbed CO, which if high enough will result in
it being the primary product.

Gas phase

CO, H, H,0
O, 4 \ CH4 4 O,
;o c0 / \ OH
20 CHy H 20
| I easy for Rh I easy for Pt |
- - -t r
difficult for Pt difficult for Rh

Noble metal surface

Figure 1-22. Diagram comparing surface reactions on Pt and Rh catalysts [4, 10, 11, 13, 56].

Another study of these two metals was reported by Hickman and Schmidt [26], which presented
potential energy diagrams for Pt and Rh for each step in their proposed mechanism for
comparison. This is shown in Figure 1-23 and demonstrates how differently the surface reactions
for these metals take place. A major difference is that it takes twice as much energy for Pt (10.3
kcal/mol) for the combined adsorption and dissociation of methane and oxygen gas to the
monatomic surface species of each element than for Rh (5.0 kcal/mol). This is consistent with
the result that Rh catalyzes the direct mechanism. It would be valuable to conduct the same
comparison for the reaction mechanisms for steam reforming, CO, reforming, and WGS to
determine which catalyst is better for promoting secondary reforming reactions for operating
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conditions where that mechanism dominates. The author is not aware of such comparisons for
these two metals.
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Figure 1-23. Diagram comparing surface reactions on Pt and Rh catalysts [26].

1.2.3.2.2 Other Support Systems

Ru catalysts have been studied over various supports. One study examined the use of Pr,Ru,0O-
pyrochlore catalyst [57]. It was determined, however, that the active species was reduced Ru
metal on a PrO, support. The significance of this difference will be discussed in more detail in
Section 1.2.4 when higher hydrocarbon CPOX is examined using substituted oxide catalysts
where the active species may remain partially in the oxide structure.

Boucouvalas et al. [43] conducted a study with Ru catalyst supported on titanium oxide,
Ru/TiO,. This catalyst was compared to Ni, Rh, Pd, Ir, and Ru catalysts supported on alumina.
To minimize hot spots and overcome mass and heat transfer limitations, high space velocities,
dilute reactants, and dilute catalyst beds were employed. The alumina-supported catalysts
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produced syngas via the indirect mechanism due to the oxidation of the metal surfaces. The
ability of Ru/TiO, to maintain a reduced surface under oxidizing conditions led to CH,4
conversion via the direct mechanism. Isotopic labeling experiments showed the total CO
produced by steam and CO, reforming (indirect mechanism) was less than 8% of the total CO
produced. The interaction of the Ru with the TiO, support was believed to produce a different
type of surface state, which was not fully characterized. Some of the data from this study are
presented in Figure 1-24. These results demonstrate a marked improvement in performance for
Ru supported on titania over alumina.
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Figure 1-24. CO selectivity (a) and H, selectivity (b) for CPOX with Ru catalysts on alumina and
titania supports as a function methane conversion [43].
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One final group of supports is mixed oxides with high thermal stability (i.e., perovskites,
pyrochlores, hexaaluminates). These supports have been considered for CPOX of methane
specifically because of the high operating temperatures, temperature spikes, and potential for hot
spots, all of which will eventually cause the support pores to collapse and deactivate the
catalysts. A significant amount of work has been done using these supports for methane
combustion [58-64], but recent work has been done on methane CPOX as well. Some
considerations when using thermally stable oxide supports is that there is a trade-off in surface
area compared to traditional alumina supports. While the support may not sinter as rapidly, the
catalyst dispersion is limited, which can reduce performance. Further, the Me-O interaction with
these supports is much stronger, which may reduce desired lattice oxygen mobility for oxidation
steps in the CPOX mechanism. To overcome this the catalyst may require promotion with an
oxygen-conducting material.

One example of the use of this type of support is a study by Xiao et al. [65], which examined a
Co/W carbide catalyst supported by a Mn substituted hexaaluminate combustion catalyst. The
hexaaluminate support was shown to stabilize the carbide catalyst and enhance the combustion
zone of the reactor. The additional heat from this zone was used to drive reforming reactions.
Further, the carbide catalyst showed resistance to deactivation by oxidation.

1.2.4 Higher Hydrocarbons

CPOX of liquid hydrocarbon fuels is an attractive option for H, and CO production for compact
or mobile fuel processing systems. Two major issues that distinguish the CPOX of liquid
hydrocarbons and lower hydrocarbons are the propensity to coke the catalyst from unsaturated
and/or aromatic compounds found in conventional liquid fuels and the presence of residual
organic sulfur compounds, such as dibenzothiophene, that are not easily removed through
hydrodesulfurization. The reactions occurring in the CPOX of liquid hydrocarbons are extremely
complex. High temperatures from the combustion zone at the front of the catalyst bed result in
the fragmentation of the heavier molecular weight hydrocarbons. To avoid excessive
fragmentation of the feed, which could result in the formation of unsaturated hydrocarbons and
carbon deposits on the catalyst, feed preheat temperatures for liquid fuels range from ambient to
just above their boiling point. Reaction temperatures are typically in the range of 700-900°C. If
organic sulfur is present in the feed, then the reactor is typically operated at higher temperatures,
where metal sulfides are less stable. The O, in the feed initially converts organic sulfur
compounds in the feed into SO,; however, SO, may later be converted into H,S.

1.2.4.1 Base metal catalysts

Studies on base metal catalysts on a variety of supports for the CPOX of liquid hydrocarbons are
presented extensively in the literature. These catalysts are desirable because of their relatively
low cost compared with noble metals. However, they are less active and more prone to
deactivation from coke and sulfur poisoning.

1.2.4.1.1 Effect of promoters

Ni-based catalysts are typically modified with various promoters to limit coke formation, often
by neutralizing acid sites thought to be responsible for coking. n-Heptane CPOX was studied
over NiLiLa/y-alumina by Ran et al. [66]. The catalyst was tested over the temperature range of
700-850°C at an O/C = 1 and a GHSV of 38,000 cm*/g/h. The LiLa promoter was added to both
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disperse the Ni over the surface of the catalyst and to titrate active Lewis acid sites on the
catalyst surface. This catalyst converted 100% of the n-C7 in the feed with 93% H, selectivity
over a period of 4 h. Similar results were obtained from n-C7 CPOX when the catalyst
LiLaNiO/y-Al,0O3 was combined with a dense oxygen permeation membrane

Bay 5Sr05C0 gFep 203 that can supply pure O, for the reaction [67]. The H; selectivity of Ni/y-
alumina, also tested in the study, dropped to 30% after 4 h [66].

1.2.4.1.2 Effect of substituted oxides and oxygen conducting supports

Another approach to limit catalyst deactivation is to incorporate the active metal into a thermally
stable oxide structure. CPOX of n-tetradecane, a diesel surrogate fuel, was studied over a series
of hexaaluminate catalysts with the general formula ANixAl12.xO19 (A = La, Ba, Sr) by Gardner
et al. [68, 69]. Carbon formation and sulfur poisoning resistance was achieved by substituting the
Ni into the hexaaluminate structure. The temperature programmed reduction profile of
LaNiAl1;019 in H, exhibited a single broad reduction peak for Ni** to Ni® centered at 996°C,
indicating that the substitution of Ni into the hexaaluminate structure imparted a high degree of
reduction stability. This catalyst was tested isothermally at 850°C, O/C = 1.2 and a GHSV =
10,000 cm®/g/h. The average H. selectivity obtained over 24 h was 66.2%, and CO was 60%.
The H,/CO ratio remained unchanged over this time period at 1.18.

Figure 1-25 and Figure 1-26 present results of CPOX activity tests on n-tetradecane over Ni-
substituted La- and Sr-hexaaluminates, respectively [69]. The La-hexaaluminate catalyst
exhibited a continual decline in H, production, with no recovery once the sulfur species was
removed, while the Sr-hexaaluminate suffered an initial decrease in H, production but remained
more stable over the time period it was exposed to sulfur in the feed. The total carbon deposited
in the catalyst bed, determined after reaction by temperature programmed oxidation (TPO), was
less for the Sr-hexaaluminate than the La-hexaaluminate. These results suggested that the Sr-
hexaaluminate catalyst was more resistant to deactivation from carbon formation in the presence
of sulfur, and this was attributed to a reduction in surface acidity since Sr is more basic than La.

A comparison of three Ni-based catalysts (3wt%Ni/alumina, 3wt%Ni/GDC, and bulk 3wt%Ni-
substituted Ba-hexaalumina [BNHA]) for the CPOX of n-tetradecane was presented by Smith et
al. [70]. The results are shown in Figure 1-27. The 3wt%Ni/alumina produced the highest H, and
CO yields. The 3wt%Ni/GDC demonstrated very low H, and CO production, even on pure TD.
The poor performance of this material may be explained by the low surface area of the support,
which produces fewer and larger metal sites that are more likely to deactivate under these
conditions. The lower yields of H, and CO may also be an indication that the oxygen-conducting
support inhibits the activity of the Ni sites by preventing them from fully reducing to a metallic
state.

For the bulk BNHA hexaaluminate, relatively few of the metal sites in the hexaaluminate
material are available for participation in the reaction [69]. This may explain the slightly lower
initial activity before the dibenzothiophene (DBT) and 1-methylnaphthalene (MN) are
introduced into the feed as well as the relatively rapid deactivation in the presence of these
contaminants. All three catalysts deactivated completely within 2 h of exposure to the
contaminants, with the H, and CO yields reaching those of a reactor filled only with quartz
material [71]. A corresponding increase in carbon dioxide and unconverted hydrocarbon
(represented as methane) yields occurs after exposure to contaminants, also indicative of catalyst
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site deactivation. None of the materials recovered activity when the feed was switched back to
pure TD
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Figure 1-25. Step function response to the introduction of 50 ppmw sulfur as DBT during the
partial oxidation of n-tetradecane over LaNig4Al;;6019-5: GHSV = 50,000 cm3/g/h, o/C=1.2,
T =850°C and P = 197.8 kPa [69].
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Figure 1-26. Step function response to the introduction of 50 ppmw sulfur as DBT during the
partial oxidation of n-tetradecane over SrNig 4Al;1160195: GHSV = 50,000 cm3/g/h, o/C=1.2,
T =850°C and P = 197.8 kPa [69].
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GHSV = 50,000 cm®gcat/ h, O/C = 1.2, T = 900°C, P = 0.23 MPa [70].




The type of oxide structure into which the active metal is substituted also has an effect on the
performance of the CPOX catalyst. This is demonstrated well in a study by Haynes et al. [72],
where the Ni-substituted hexaalumina in the previous study is compared to a Ni-substituted
pyrochlore with the general formula Lay«SrxZr,.yNiyO7.5, where the value of y produces an
equivalent 3 wt% Ni substitution level. The results of this study are presented in Figure 1-28.

The results show that the presence of MN and DBT produces an immediate drop in synthesis gas
yields from the equilibrium values for each catalyst. Active Ni sites in the BNHA are easily
deactivated, indicating that reducing the critical ensemble number of Ni atoms did not prevent
deactivation by MN and DBT. The LSZN catalyst is distinguished from the other two by the
behavior of its H, and CO vyields in the presence of the contaminants. Ni substituted into the
pyrochlore structure is not continuously deactivated by the MN and DBT, but rather is able to
remain active and selective towards H, and CO, albeit at lower than pre-contaminant levels.

A noticeable difference is also seen in the behavior of the olefins produced by the LSZN catalyst.
The olefin formation rate increases sharply after the first hour in the presence of MN and DBT,
but only continues to increase slightly after the initial spike. Together, these results coupled with
the behavior of the synthesis gas yields show that the sites involved in the eventual formation of
H, and CO do not become completely deactivated by the contaminants. Instead, the data suggest
that the adsorption of MN and DBT only decreases the turnover frequency of the active sites,
limiting the approach to equilibrium, rather than continuously accumulating on the surface and
leading to eventual deactivation. The Ni in the pyrochlore structure is believed to retain catalytic
properties in the presence of the contaminants through improved oxygen-ion conductivity that
occurs as a result of Sr substitution. Improving this property provides a localized oxygen source
from the pyrochlore lattice to react with the strongly adsorbed carbon forming precursors.
Deactivation of the Ni is then prevented during the time scale of this study because the
accumulation of refractory surface carbon species is limited. Instead, most surface carbon is
gasified into CO/CO,, and active sites become freed for further reactions.

After the contaminants were removed from the feed, activity is not recovered by the BNHA
catalysts. Evaluating the gaseous product yields during the recovery period to those produced in
the absence of a catalyst showed comparable product selectivity. High selectivity to olefins is
observed, and H, and CO vyields are produced at an H,/CO ratio of much less than 1. This
indicates the catalyst has been irreversibly deactivated by the contaminants. Meanwhile, the
LSZN is able to recover a portion of its initial activity, showing that most of the effects of the
MN and DBT are reversible. H, and CO yields both increase, while olefin products return to pre-
contaminant levels, and CO; and CH, yields both decrease. The ability to recover activity
suggests that the contaminants act, for the most part, as kinetic inhibitors to the H, and CO
producing sites. However, total initial activity is not recovered, signifying some activity loss was
irreversible.

One final aspect in comparing these two catalysts is the amount of carbon measured in the
reactor after each test by TPO. For BNHA the total carbon was 2.4 g/gcat, While for LSZN the
total carbon was 0.4 g/gca. This suggests that the carbon formation is related to the catalyst
deactivation.
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1.2.4.1.3 Effect of substituted oxides on oxygen conducting supports

The use of oxygen-conducting supports to enhance catalyst performance can also be applied to
metal-substituted oxide catalysts. Smith et al. [73] examined the combined approach to catalyst
design of substituting Ni into an oxide structure and supporting it onto an oxygen-conducting
material. These studies were conducted on n-tetradecane with sulfur and aromatic species. The
purpose of the study was to compare catalysts with Ni substituted into a barium-hexaaluminate
structure (BNHA) to systems comprised of BNHA layers over gadolinium-doped ceria (GDC),
an oxygen-conducting support. The BNHA catalyst layer was supported onto the GDC.

The results of this study are presented in Figure 1-29. It was demonstrated that the stability
provided by the oxide phase limited the sintering of Ni sites seen in pure Ni metal catalysts.
Further, the presence of the oxygen-conduction of GDC from the gas phase, through the support
to the active sites, promoted the oxidation of deposited coke precursors and reduced carbon
formation.
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Figure 1-29. Effect of oxygen-conducting support on Ni-substituted hexaaluminate catalysts for
the CPOX of n-tetradecane in the presence of MN and DBT [73].

1.2.4.2 Noble metal catalysts

The use of noble metal catalysts for CPOX of liquid hydrocarbons has been widely reported in
literature. These metals have higher activity and resistance to deactivation than transition metal
catalysts, resulting in shorter reaction times, smaller bed sizes, and longer stability. However,
these catalysts are much more expensive than other metal catalysts.

Earlier in this section, the issue of sulfur poisoning was identified as a more significant challenge
with liquid hydrocarbons than for lighter fuels. Figure 1-30 provides the Gibbs free energy for

42




the sulfides of several metals typically used in CPOX [9]. Pt is the least likely to form a sulfide at
typical operating conditions, while Ni is the most likely.
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Figure 1-30. Gibbs free energy for sulfides of common metals used in CPOX [9].

1.2.4.2.1 Effect of Promoters

Tanaka et al. [74] reported that CPOX of gasoline over Rh, Pt, and Pt-Rh is promoted by alkali
(Li) and alkaline earth metals (Ba, Ca, K) supported on magnesium aluminate spinel. The
catalysts were tested isothermally at 800°C at an air-to-fuel ratio of 5.1 and GHSV 50,000 h™.,
Li, Mg and MgL.i promoters were added to Pt supported on MgAlI,O, spinel. All catalysts
produced similar H, and CO concentrations of 23 and 25 vol%, respectively. There was a
discernable difference in the carbon deposition. The unpromoted Pt catalyst showed carbon
levels of 0.02 wt% carbon, where the alkali and alkaline earth promoted Pt catalysts had carbon
levels of 0.01 wt%.

In another study by the same group [74], K, Ca and CaK promoters were added to Rh supported
on MgAl,O, spinel. Both modified and unmodified catalysts produced similar H, and CO
concentrations of 23 and 25 vol%, respectively. The different modifiers did affect carbon
production on the catalysts. The unpromoted Rh catalyst showed carbon levels of 0.03 wt%
carbon, where the RhK catalyst had 0.02 wt% carbon, the RhCa 0.015 wt%, and the RhCaK only
0.01 wt%. Bimetallic PtRh with Li, Ba and LiBa modifiers supported on MgAl,O, spinel were
also examined for H, and CO yields and carbon formation resistance, with similar results to
previous work for the yields. The unpromoted PtRh catalyst showed carbon levels of 0.01 wt%
carbon, where the promoted PtRh catalysts all showed reduced coking levels of 0.005 wt%.

43




1.2.4.2.2 Effect of Supports

The catalyst support is as critical as the active catalyst for the CPOX of higher hydrocarbons.
The catalyst may be deposited as a metal onto the support or as a mixed oxide. The support can
provide the desired level of metal dispersion and morphology to optimize the catalyst
performance by enhancing mass and heat transfer properties. Further, as discussed in the Section
1.2.2, the support often plays a role in the surface reaction mechanism. Therefore, the properties
of the support surface are as critical as the catalyst itself.

Shekhawat et al. [75] conducted CPOX studies on n-tetradecane (TD) containing sulfur and
polynuclear aromatics over supported Rh and Pt catalysts. The tests were designed to examine
the effect of the support on the metal catalyst. The supports used were alumina and zirconium-
doped ceria (ZDC), an oxygen-conducting support. The studies were conducted in three steps: 1)
CPOX of pure TD for one hour to establish a baseline, 2) TD + contaminant for two hours, 3)
pure TD for two hours to examine recovery of activity. The sulfur contaminant species was
dibenzothiophene (DBT) and was added at a level of 1000 ppmw. The aromatic contaminant
species was 1-methylnapthalene (MN) and was added to a level of 5 wt%.

The H, production for each catalyst under the two different conditions is shown in Figure 1-31
and Figure 1-32. The Rh/ZDC catalyst produced the best performance in the presence of both
DBT and MN. This was attributed to both the better activity of Rh over Pt, as well as the effect
of the oxygen-conductivity of the ZDC. The latter was not verified in this study, since no testing
was reported for Rh/alumina. Indeed, the data presented for Pt indicated that the alumina support
was better. However, as discussed in Section 1.2.3.1 (see subsection, “Effect of oxygen-
conducting supports™), the surface area of the support is important since it can affect the
dispersion of the catalyst. In this study, the alumina support had a surface area of 198 m%/g
compared to 70 m?/g for the ZDC. Therefore, it is possible that under these conditions that the
benefit of the high surface area was greater than the benefit of the oxygen conductivity of the
support.

Rh-based catalysts have also been investigated on various support structures, resulting in
different H, and CO yields. Gasoline and naphtha CPOX over a supported Rh catalyst were
reported by Fujitani et al. [76]. For y-alumina supported Rh catalyst maximum yields of 96% of
both H, and CO were reported with 0.2 wt% Rh loading at 700°C, an air equivalence ratio of
0.41. A 0.05 wt% Rh supported on zirconia yielded 98% H, and 85% CO at 725°C, an
equivalence ratio of 0.41. However, 0.1 wt% Rh loaded on a honeycomb structure of a-alumina-
magnesia gave the highest yield of H, and CO (both 98%) at 820°C, air equivalence ratio of
0.41. Furthermore, carbon deposition was not observed with these supported Rh catalysts.

The CPOX reaction has also been studied using reactors with very short contact times.
Cyclohexane, n-Cg, n-Cg, n-Cyg, N-Cyg, i-Cg, toluene, naphthalene, and gasoline CPOX has been
studied over Rh-based monolithic catalysts at millisecond contact times [77-80]. Several factors
affect the conversion and selectivity of these fuels. The mean cell density, typically defined as
pores per inch (ppi) for foam materials (e.g., 40 ppi corresponds to a mean cell diameter of ~0.6
mm), significantly affected the syngas selectivities, but the gas space velocity did not.

Krummenacher et al. [81] reported syngas selectivities greater than 80% with greater than 99%
conversion of hydrocarbons from the catalytic CPOX of n-C,o and n-C,¢ over a Rh-coated
monolith at 5 to 25 ms contact times. CPOX of a high grade diesel fuel (10 ppm sulfur, 8%
aromatics, 90% alkanes) produced syngas at greater than 98% fuel conversion. Maximum
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selectivities of H, and CO observed were 70% and 80%, respectively, at an O/C ratio of 1.4 and
25 ms contact time.
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Figure 1-31. CPOX step response plot for H, production (concentration, dry gas vol%) from TD
with 1000 ppmw sulfur [75].
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Figure 1-32. CPOX step response plot for H, production (concentration, dry gas vol%) from TD
with 5wt% 1-methylnaphthalene [75].
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1.2.4.2.3 Effect of substitution into oxide structures

One of the challenges for the hexaaluminate structure is the limitation to which metals can be
substituted into the lattice. No reports of substituting larger metals like Rh into the
hexaaluminate structure were found. However, Rh and Ru have been successfully substituted
into oxides such as perovskites and pyrochlores. Haynes et al. [71, 82, 83] reported CPOX
testing on n-tetradecane for Rh- and Ru-substituted pyrochlores with a great deal of success.
These catalysts demonstrated high performance and stability in the presence of sulfur and
aromatics.

Figure 1-33 and Figure 1-34 show the performance for the CPOX of n-tetradecane of a Ru- and a
Rh-substituted pyrochlore, respectively [71, 83]. Both catalysts successfully reform the fuel into

H, and CO, even in the presence of sulfur and aromatic species. Further, the Rh-substituted
pyrochlore exhibits stable performance even in the presence of a much higher sulfur
concentration of 1000 ppmw, compared to 50 ppmw for Ru.
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Figure 1-33. Yields for LSRuZ during 5 h CPOX experiment: GHSV = 50,000 cm3/gcat/h, Oo/IC=1.2,

T =900°C, P =0.23 MPa [83].
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Figure 1-34. Yields for LSRhZ during 5 h CPOX experiment: GHSV = 50,000 cm®/g../h, O/C = 1.2,
T =900°C, P =0.23 MPa [71].

1.3 Research Needs

1.3.1 Substituted oxides on oxygen-conducting supports

The development of hydrocarbon POX catalysts by Shekhawat et al. [53, 68-71, 75, 82-89],
discussed in detail in Sections 1.2.3 and 1.2.4, is summarized well by Figure 1-35. Starting with
a traditional supported metal catalyst the three major modes of deactivation (thermal sintering,
sulfur poisoning, and coke formation) were addressed initially by two separate approaches. The
first was substituting the metal into a thermally stable oxide structure, which helped reduce both
the thermal sintering and sulfur poisoning. Separately, supporting the active metal onto an
oxygen-conducting support helped mitigate carbon formation. Combining these approaches
produced the greatest level of success. Ultimately the best catalyst design may consist of
substituted oxides containing a certain level of oxygen conductivity (i.e., pyrochlores) deposited
onto an oxygen-conducting support.

However, a very important aspect of this catalyst design approach remains to be conducted.
While superior performance was attained with this catalyst system [84, 88, 89] the interaction of
the active phase and the support needs to be fully characterized. Specifically, the nature of the
active phase and the manner in which it is deposited onto the support can affect its interaction
with the support and overall performance. Further, the optimal size of the active phase deposits
and their overall ratio to the support will be different for various combinations of materials that
can be selected for specific fuels and reaction conditions. Therefore, a method for designing such
a catalyst system is needed that can incorporate, at a minimum, the control of the catalytic
activity, morphology, and oxygen-conductivity of an active and support phase.
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Figure 1-35. Development of POX catalyst for reforming hydrocarbons.
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1.3.2 Staged or segmented reactor

The use of a staged reactor system operates on the assumption of an indirect mechanism for the
CPOX of hydrocarbons (See Section 9). This approach could take one of two forms to produce a
desired product distribution: multiple oxygen feed locations, or multiple catalyst formulations.

1.3.2.1 Multiple oxygen feed locations

The approach of feeding a portion of the oxygen supply to different locations along the length of
the reactor could be used to reduce or eliminate the exotherm at the leading edge of the catalyst
bed [90, 91]. This could promote an increase in the extent of reaction from the direct mechanism.
It may also allow control of product distribution in the syngas, specifically the CO/CO ratio.
Minimizing the temperature spike and the presence of hot spots may also allow the use of less
expensive reactor materials, reduction in catalyst loss from vaporization, and support sintering.

1.3.2.2 Multiple catalyst formulations

The approach of using multiple catalyst compositions at different positions in a reactor for the
CPOX of methane has been presented in several recent studies [90-94]. Figure 1-36 is a diagram
of the justification for such an approach. In considering reactor design it may be advantageous to
enhance the reactions occurring in a region where the rate-limiting steps occur. Further, like the
staged oxygen feed approach, the temperature spike may be reduced through the use of a less
oxidizing catalyst in the front part of the bed. Of greatest interest may be the ability to reduce
cost by decreasing the amount of expensive noble metal catalyst needed. This may be
accomplished by the use of less expensive catalysts like Ni or Ru in the regions of the reactor
where conditions are less conducive to deactivation of these metals. The studies previously cited
that examined gas composition with respect to reactor position would be most helpful for this
design approach.

The segmented catalyst bed approach may prove to be most helpful for the CPOX of higher
hydrocarbons because these fuels often contain organic sulfur and aromatic species. Therefore,
the form these species take at different positions of the reactor may be more or less likely to
deactivate non-noble metal catalyst, again possibly providing an opportunity to reduce cost by
their use in these sections. The front section of the catalyst bed may deactivate rapidly due to
higher temperatures and contaminant concentrations. Further, the end portion of the catalyst bed
may also cause significant deactivation for catalysts susceptible to sulfur poisoning due to the
lower temperatures resulting from the endothermic reforming reactions. Therefore, it may be
necessary only to use noble metal catalysts in one or both of these sections and a less expensive
alternative may be used in the remaining parts of the reactor.
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2 Substituted Oxides on Oxygen-conducting Supports

2.1 Effect of Weight Loading and Support Type

Note: The material in Section 2.1 was presented at the ACS Spring National Meeting 2011 as,
“Effect of oxide catalyst surface coverage in the presence of oxygen-conducting supports for
CPOX.”

2.1.1 Introduction

The use of Ni-based catalysts to reform liquid fuels for solid oxide fuel cell applications is
attractive because of their low cost compared to that of noble metal-based catalysts. However,
the sulfur and aromatic species in these fuels deactivate Ni sites through sulfur poisoning and
carbon (coke) deposition. Approaches to minimize the negative effects of these contaminants on
metal-based systems have included using oxygen-conducting supports [75, 95] and substituting
the active metal particles into thermally stable oxide structures, such as perovskites and
hexaaluminates [69, 96]. Although these approaches have demonstrated some improvement,
deactivation still occurs rapidly, especially when the reforming is carried out by partial
oxidation.

The purpose of this study was to combine the two approaches (Figure 2-1) and compare catalysts
with Ni substituted into a barium-hexaaluminate oxide structure (BNHA) to systems comprised
of different coverage areas of BNHA layers over gadolinium-doped ceria (GDC) or zirconium-
doped ceria (ZDC), both oxygen-conducting supports, for the partial oxidation (CPOX) of n-
tetradecane (TD).

Bulk Oxide

Catalyst

Deposited Oxide
Catalyst

Figure 2-1: Diagram of substituted mixed-metal oxide catalyst over oxygen-conducting support.
2.1.2 Experimental Methods

2.1.2.1 Catalyst Synthesis

BNHA catalysts were prepared by co-precipitation of nitrate precursors dissolved in DIW
dropped into ammonium carbonate solution. This was followed by calcination to form the
appropriate crystal phase. A detailed description of the synthesis method is provided in a
previous work [69]. BNHA catalysts supported onto GDC and ZDC were prepared by solid-state
mixing (SSM), which consisted of grinding the catalyst and support powders together in
appropriate proportions, followed by heat treatment in air for 12 h at 950°C.
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2.1.2.2 Catalyst Characterization

The bulk Ni concentration for each catalyst was determined by inductively coupled plasma (ICP)
optical emission spectroscopy on a Perkin-Elmer Optima 3000 ICP-OES spectrometer. BET
surface area was determined by N, adsorption using a Quantachrome Surface Area Analyzer
2000. The crystalline phases present in each sample were determined by powder X-ray
diffraction (XRD) using a PANalytical X’Pert PRO model XRD, utilizing filtered Cu Ka.
radiation.

2.1.2.3 Catalyst Performance

Reaction studies were carried out in a laboratory-scale, fixed-bed reaction system. Partial
oxidation step-response experiments were conducted at an O/C = 1.2, a WHSV = 50,000
cm®/gearh, a pressure of 0.23 MPa, and a total inlet gas flow rate of 400 sccm. The composition
of the feed was 2.17% n-tetradecane (TD), 18.22% O,, and the balance N,. The catalyst bed
temperature was 900°C. The catalysts were run under partial oxidation for two hours on pure
TD, then two hours on TD plus 50 ppm sulfur as dibenzothiophene (DBT) and 5wt% 1-methyl
naphthalene (MN), then again for one hour on pure TD to observe the catalyst recovery.

Total carbon in the catalyst bed was determined by temperature programmed oxidation (TPO) of
the catalysts plus bed material. TPO was performed by introducing a gas stream of 10 vol%
O,/N; into the reactor and was run from 200 to 900°C with a temperature ramp of 1 °C/min.
CO; evolution was measured continuously by a mass spectrometer and the total carbon that had
been deposited in the bed was calculated by integration of the CO, flow rate exiting the reactor.

2.1.3 Results and Discussion

2.1.3.1 Catalyst Characterization

Characterization of the catalyst materials included BET surface area and ICP for composition. A
summary of this data is presented in Table 2-1. The surface areas for the layered catalysts
indicate that as the amount of BNHA phase increases the surface area of the supported material
approaches that of the bulk BNHA.

Table 2-1Summary of Characterization Data.

Catalyst BET Surgace Ni content
Area (m°/g) (Wt%)
GDC <1 —
BNHA 13 5 60
10% BNHA /GDC 2 0.24
20% BNHA/GDC 3 053
50% BNHA /GDC 6 1.40

2.1.3.2 Catalyst Performance

Figure 2-2 presents the results of the CPOX studies conducted with the bulk BNHA and the
BNHA catalysts on the GDC at different coverages. The performance was measured by
hydrogen production over the 5-h reaction studies. The results indicate that as the coverage of
the support increases, the performance approaches that of the bulk BNHA. This is a result of the
decreasing ability of the support to improve performance. Further, it suggests that an optimum
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coverage exists for a given catalyst-support system. This is likely related to the ratio of the

exposed surface areas of the two phases, as well as the oxygen-conducting properties of the
support.
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Figure 2-2 Performance of BNHA catalysts over GDC at different surface coverages for the CPOX
of TD: WHSV = 50,000 scc ges - h™, O/C = 1.2, 900°C, and 0.23 MPa.

Table 2-2 provides the amount of carbon formed in the catalyst bed for the GDC-supported
catalysts during reaction. Increasing the coverage area from 10 to 20 wt% increased the carbon

formation in the reactor. The 20wt%BNHA/GDC catalyst produced nearly the same amount of
carbon as the bulk BNHA catalyst.

Table 2-2 Summary of Carbon Formation on GDC Supported Catalysts.

Total Bed
Catalyst Carbon (g)
GDC --
BNHA 0.80
10% BNHA /GDC 0.62
20% BNHA/GDC 0.84
50% BNHA /GDC 0.53

Figure 2-3 presents the results of the BNHA catalyst deposited onto ZDC at 10, 15, and 20 wt%.
All three catalysts had significantly improved performance over unsupported BNHA (Figure 2).
Similar to the GDC support, increasing the loading of the active phase on the oxygen-conducting
support led to a decline in performance. At 20 wt% the catalyst deactivates completely with no
recovery after removal of fuel contaminants at 240 min. This result indicates that for BNHA, a
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large amount of surface area from the oxygen-conducting support (GDC or ZDC) needs to be
available to produce stable performance under CPOX of TD.
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Figure 2-3 Performance of BNHA catalysts over ZDC at different surface coverages for the CPOX
of TD: WHSV = 50,000 scc geo - h™, O/C = 1.2, 900°C, and 0.23 MPa.

Table 2-3 presents the total carbon, measured by TPO, formed in the catalyst bed during reaction
tests with the BNHA deposited on ZDC at different loadings. There is a clear trend between the
TBC and performance, where the most stable performance (10wt%BNHA/ZDC) corresponds to
the lowest quantity of carbon. Compared to the GDC support, the carbon produced with the
20wt%BNHA/ZDC was notably less than the unsupported BNHA. This is likely due to the
higher surface area of ZDC, which improves its role of supplying oxygen to the active phase to
gasify the carbon deposits as CO to a greater extent.

Table 2-3 Summary of Carbon Formation on ZDC Supported Catalysts.
BET Surface  Total Bed

Catalyst Area (m?/g)  Carbon (g)
ZDC 21 --
BNHA 13 0.80
10% BNHA /ZDC 15 0.29
15% BNHA/ZDC 14 041
20% BNHA /ZDC 14 0.65

Although Ni-based catalysts offer a potential cost benefit over noble metal-based catalysts, long-
term stability was still not observed in these studies for the BNHA catalyst, even when combined
with oxygen-conducting supports. Therefore, Rh-substituted pyrochlore catalysts were also
tested for the same reaction with different loadings on ZDC. The pyrochlore was a lanthanum
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zirconate (La,Zr,05), previously studied as a bulk catalyst by Haynes, et al. [71, 82]. The A-site
was doped with Ca and the active Rh was substituted into the B-site to give the formula

La; goCap.112Zr1.890RNo 11075 (LCZR). This catalyst was deposited onto ZDC via SSM at 10 and 20
wt%. The results of long-term CPOX tests on these catalysts are presented in Figure 2-4. As the
data show, a step-response test was not performed since the deactivation was significantly slower
than with the Ni-based catalysts. Further, the performance improved for the 20wt% loaded
catalyst over the 10 wt%, showing no deactivation for ~50 h. This suggests that the LCZR
catalyst does not need as much of the oxygen-conducting support to significantly improve
catalyst performance. This may be due to the fact that the pyrochlore structure possesses inherent
oxygen-conducting properties itself. Finally, these results support the idea that optimum ratio of

the active to support phase will not be the same for different combinations of catalysts and
supports.
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Figure 2-4 Performance of LCZR catalyst over ZDC at different surface coverages for the CPOX of
TD: WHSV = 50,000 scc ge - h™, O/C = 1.2, 900°C, and 0.23 MPa.

214 Conclusions

Substitution of a catalytically active metal into a mixed-oxide structure for hydrocarbon fuel
reforming provides thermal stability and reduced deactivation by preventing the clustering of
active sites typically observed in the presence of sulfur contaminants. Depositing the substituted
oxide catalyst onto an oxygen-conducting support reduced deactivation from carbon formation in
presence of aromatic species. An optimum level of coverage exists for a given combination of

active and support phases, beyond which the supported catalyst performs like the unsupported
catalyst.
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2.2 Effect of Synthesis Method

Note: Section 2.2 was originally published as, “Partial oxidation of liquid hydrocarbons in the
presence of oxygen-conducting supports: Effect of catalyst layer deposition,” in Fuel [70].

221 Introduction

For the foreseeable future, fossil-derived liquid hydrocarbons will be the energy source for the
majority of transportation needs; however, the relatively low efficiency of internal combustion
engines has provided a great deal of incentive for the development of more efficient conversion
devices, such as fuel cells, for both transportation and stationary applications. Specifically, solid
oxide fuel cells (SOFC) are attractive due to their high operating temperatures (>800°C) and
their ability to convert a hydrogen- and carbon monoxide-rich gas stream to electric power at
high efficiencies. Liquid fuels like gasoline, diesel, coal-derived liquids, and Fischer-Tropsch
fuels can all be reformed to produce such a gas stream. Diesel fuel is considered to be the best
choice for this application since it has the highest energy density and a well-developed
distribution infrastructure.

A significant application of interest for SOFCs is auxiliary power units (APUs) for commercial
diesel trucks. APUs powered by SOFCs will reduce idling time, and consequently the emissions
of combustion products. SOFCs can also be used for distributed and remote power, such as
military, industrial, residential, and commercial applications. The greatest challenge to
producing a usable feed stream for SOFCs is the development of an effective catalyst system that
can reform liquid fuels into hydrogen and carbon monoxide for long periods of time at high
temperatures without deactivation. The most desirable reforming mode for these applications is
partial oxidation because it is simple and does not require water addition. Supported-metal
catalysts typically studied for fuel reforming are deactivated quickly by sulfur and aromatic
species through sulfur poisoning and carbon (coke) deposition. Further, high operating
temperatures, typically above 900°C, can produce deactivation via catalyst sintering and
vaporization.

Approaches to minimize catalyst deactivation from sulfur and aromatic contaminants during
reforming have included 1) using oxygen-conducting supports [53, 75, 95], and 2) substituting
active metal particles into thermally stable oxide structures, such as perovskites, ABO3, [96-101],
pyrochlores, A;B,07, [71, 82, 102, 103], and hexaaluminates, AAl1,019, [69, 94, 96]. Although
these approaches have demonstrated some improvement, deactivation still occurs rapidly under
partial oxidation conditions. However, combining these approaches by supporting thermally
stable oxides on oxygen-conducting supports has led to a synergistic effect in the partial
oxidation of n-tetradecane (TD) containing sulfur and aromatic species [104].

The study presented here examines a Ni-substituted hexaaluminate catalyst over gadolinium-
doped ceria (GDC) support. The hexaaluminate structure (Figure 2-5) consists of a spinel block
of close packed oxide ions that are charge balanced by two large mono-, di-, or trivalent cations.
These cations are found in a mirror plane at opposite ends of the spinel block. The catalytically
active metals can be substituted into the aluminum sites of the spinel block.
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Figure 2-5 Crystal structure of hexaaluminate [62]; Ni particles are substituted into the Al sites.

Hexaaluminates possess qualities that make them attractive as catalysts for the partial oxidation
reaction. They exhibit very high thermal stability, as evidenced by their application in
combustion catalysis [105-111]. However, unlike doped pyrochlores [112], hexaaluminates are
not ion conductive, suggesting that supporting them on an ion conducting support may improve
their resistance to deactivation. Gardner, et al. [69] examined the effect of hexaaluminate A-site
substitution on resistance to sulfur poisoning in the partial oxidation of a surrogate diesel fuel.
The divalent cations Sr and Ba demonstrated better resistance to sulfur poisoning than the
trivalent La.

For the present study, the catalytically active phase chosen was Ni-substituted barium-
hexaaluminate (BNHA). Here, the hexaaluminate is supported onto Gd-doped ceria (GDC), an
oxygen-conducting material. Several investigations have examined the effect of doped ceria
materials and their oxygen-conducting properties on hydrocarbon reforming [113-115].

The specific purpose of this study was to compare two methods of supporting a barium-
substituted nickel hexaaluminate (BNHA): (1) conventional incipient wetness impregnation
(IWI1) of the GDC support using an aqueous solution of the precursors, followed by drying and
calcinations, and 2) solid-state mixing (SSM), which consisted of mechanically grinding solid
hexaaluminate particles, produced separately as a bulk powder, together with the GDC powder,
followed by thermal treatment of the mixture to improve the interaction of the hexaaluminate and
the support. The preparation technique used in catalyst synthesis has been shown to have an
effect on catalytic performance [116-118]. The performances of these materials were also
compared to base case catalysts: Ni-metal supported on alumina and GDC, and bulk BNHA.
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222 Experimental Methods
2.2.2.1 Catalyst Synthesis

2.2.2.1.1 Baseline Catalysts
Ni-Metal Supported on Alumina and GDC

Gadolinium-doped ceria (GDC), Gdo.1Ce90,-x, Was prepared by NexTech Materials
(Worthington, OH) using co-precipitation followed by hydrothermal crystallization. The
resulting crystallized powder was calcined at 800°C for 4 h to stabilize its surface area. The
material was ground by hand in a mortar and pestle prior to catalyst application. y-alumina
pellets were obtained commercially from Saint-Gobain NorPro (Stow, OH) and were also ground
in a mortar and pestle. The supported Ni metal catalysts were prepared by impregnation using
Ni(NOs3), in de-ionized water: (1) 3wt%Ni/alumina and (2) 3wt%Ni/GDC. The catalysts were
dried at 110°C and calcined for 4 h at 950°C.

Bulk Hexaaluminate

The bulk nickel-substituted barium hexaaluminate (BNHA) catalyst, BaNig 4Al11 60158, Was
prepared by the co-precipitation method described in detail elsewhere [69], and contained a
loading of 3 wt% Ni. Briefly, nitrate precursors of each metal (Ba(NO3)2*xH20,
Ni(NO3),2xH,0, Al(NO3)32xH,0) obtained from Alfa Aesar were dissolved in de-ionized water
at 60°C in appropriate stoichiometric ratios. This solution was added drop wise to a solution of
excess ammonium carbonate; the precipitates formed were aged for 6 h at 60°C with stirring.
The aged precipitates were collected by vacuum filtration, rinsed with de-ionized water to
remove excess ammonia, and dried overnight at 110°C. The dried material was heat treated at
425°C for one hour to convert the carbonates to an amorphous oxide powder, and then finally
calcined at 1300°C for 4 h to form the hexaaluminate phase.

2.2.2.1.2 Supported Hexaaluminates (10wt%BNHA/GDC)
Incipient Wetness Impregnation (IWI) Method

Nitrate salt precursors in appropriate stoichiometric proportions were dissolved in de-ionized
water in a quantity to yield a 10 wt% layer of BNHA on the support. The solution was applied
with a dropper in several applications to the support with drying at 110°C between each. After
all the solution had been applied, the salt layer on the support was decomposed to an amorphous
oxide phase by heat treatment at 425°C for one hour with a temperature ramp rate of 5 °C/min.
The material was then calcined in air for 2 h at 1300°C with a temperature ramp rate of 2 °C/min
to form the hexaaluminate phase.

Solid-State Mixing (SSM) Method

The SSM method combined the preformed bulk BNHA powder and the GDC powder by
grinding in a mortar and pestle to form a well-mixed powder. De-ionized water was added to the
mixed powder to form a thick paste which was dried at 110°C to produce pellet-like structures.
This material was then heat treated at 950°C for 12 h with a ramp rate of 5 °C/min to increase
contact between the two phases. Figure 2-6 schematically shows the difference between the two
preparation methods.

58



Incipient Wetness Impregnation Solid-state Mixing

Dissolve nitrate Dissolve nitrate
salts in Dl water at 60 C salts in DIwater at 60 C

}

Slowly drop solution into excess

. . ammonium carbonate solution
Depositsolution onto support
powder with dropper l
Heat precipitates to 60 C
Agefor6 hrs with stirring
Dry at 110 C l
Filter& rinse solids
Dry overnight at 110 C
| Calcine at 1300 C for 4 hrs | | Calcine at 1300 C for 4 hrs |

|

| Grind calcined powder with support |

| Heat to 950 C for 12 h |

Figure 2-6 Diagram of catalyst deposition methods.

2.2.2.2 Material Characterization

BET surface area was determined by N, adsorption using a Quantachrome Surface Area
Analyzer 2000. The bulk Ni concentration for each catalyst was determined by inductively
coupled plasma (ICP) optical emission spectroscopy on a Perkin-Elmer Optima 3000 ICP-OES
spectrometer. The crystalline phases present in each sample were determined by powder X-ray
diffraction (XRD) using a PANalytical X’Pert PRO model XRD, utilizing filtered Cu Ka.
radiation. Scanning electron microscopy (SEM) images were obtained and electron diffraction
spectroscopy (EDS) analyses were conducted with a Hitachi S-4700 field emission electron
microscope.

2.2.2.3 Reaction Studies

The experimental system used for this study as well as its detailed description is documented
elsewhere [75]. Briefly, these runs were carried out in a fixed bed continuous-flow reactor. The
catalysts were sized to -8/+30 mesh and diluted with quartz sand (5/1 by weight) to avoid
channeling and to minimize temperature gradients. The catalysts were loaded into the reactor as
formed with no pretreatment or reduction. The bed was placed in a tubular reactor (8 mm i.d.)
with a coaxially centered thermocouple at the center of the bed. Nitrogen and air flows were
delivered by mass flow controllers and the liquid fuel feed was delivered by a high accuracy
HPLC dual pump.

n-Tetradecane (TD) was used as a model diesel fuel compound to screen catalysts for activity
and selectivity. The sulfur tolerance of the catalysts was assessed through partial oxidation of n-
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tetradecane containing 50 ppmw sulfur as dibenzothiophene (DBT). 1-Methylnaphthalene (MN)
(5 wt% of feed) was used as a model compound for polyaromatics present in diesel fuel.

All catalysts were run under partial oxidation for two hours on pure TD, then two hours on TD
plus 50 ppm sulfur as DBT and 5 wt% MN, then again for one hour on pure TD to observe the
catalyst recovery. Additionally, and extended run with fresh samples of the two GDC-supported
BNHA catalysts was conducted for two hours on pure TD, and then on the TD plus DBT and
MN until the hydrogen level in the product stream was 50% of the initial concentration, without
switching back to pure TD. The reaction conditions are presented in Table 2-4.

Table 2-4 Reaction Conditions for Partial Oxidation Step-response Experiments.

Conditions
Total Flow (sccm) 300
n-TD, vol% 2.17

O, vol%  18.22
Ny, vol%  79.61

O/C ratio 1.2
Catalyst bed (g) 0.48
GHSV (scc/gcaehr) 50,000
Pressure (MPa) 0.23
Feed preheat T (°C) 375
Center bed T (°C) 900

2.2.2.4 Carbon Deposition

Total carbon in the catalyst bed was determined by temperature programmed oxidation (TPO) of
the catalysts plus bed material after each activity test. TPO was performed by introducing a gas
stream of 10 vol% O,/N; into the reactor and was run from 200 to 900°C with a temperature
ramp of 1 °C/min. CO, evolution was measured continuously by a mass spectrometer and the
total carbon deposited in the bed, including any carbon deposited on the quartz diluent, was
calculated by integration of the CO, concentration versus temperature curve.

2.2.2.5 Product Analysis

The gases (hydrogen, nitrogen, oxygen, carbon monoxide, carbon dioxide, and methane) were
analyzed using a 200 amu scanning magnetic sector mass spectrometer (Thermo ONIX, model
no. Prima ob). The gaseous hydrocarbon products (C;-Cg paraffins, C,-Cg olefins, and benzene)
were analyzed using a HP5890 gas chromatograph equipped with a flame ionization detector
(FID). Oxygen conversion was complete during all experiments. Although water was produced
in the reaction it was not quantitatively analyzed. Carbon balances were typically within 100
+5%.
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Yield of product A (hydrogen, carbon monoxide, or carbon dioxide) is defined as:

Moles of A produced x100

Yield of A (%)=
N x moles of hydrocarbon fed to the reactor

where, N is the number of moles of hydrogen/mole of hydrocarbon for hydrogen yields
and the number of carbons in hydrocarbon fuel for carbon oxides.

Yield of hydrocarbons (olefins, paraffins, and benzene) is defined as:

m x moles of hydrocarbon produced x 100

Hydrocarbon Yield (%) =
N x moles of hydrocarbon fed to the reactor

where, m is the number of carbons in the hydrocarbon product.
2.2.3 Results and Discussion

2.2.3.1 Materials Characterization

The BET surface area and Ni content of the catalysts are summarized in Table 2-5. Comparison
of the surface areas of the two GDC-supported materials indicates that the preparation methods
produce very similar morphology. The Ni loading of these two materials were also essentially
the same, as determined by ICP analysis. Further, temperature programmed reduction (TPR)
experiments (data not shown) demonstrated no significant difference in the reduction
temperature of the two supported catalysts before or after reaction studies.

Table 2-5: Comparison of surface area and Ni content of reforming catalysts.

BET SA Ni content

Catalyst/support (m%g) (Wi%%)*
y-alumina 111 -
GDC <1 --
3wt% Ni/y-alumina 74 2.6
3wt% Ni/GDC 2.2 2.0
Bulk BNHA 13 2.6
10wt%BNHA/GDC - SSM 1.6 0.24
10wt%BNHA/GDC - IWI 1.6 0.26

* Determined by ICP-OES

Figure 2-7 shows the XRD spectra for the bulk BNHA, the GDC support, and the two
BNHA/support catalysts prepared by IWI and SSM. These spectra indicate that the
hexaaluminate phase was present in both GDC-supported materials even though the
hexaaluminate peaks had relatively low intensity, possibly because only 10 wt% of the material
was the hexaaluminate phase. The major hexaaluminate peaks in the scans of the GDC-
supported materials were observed at 26 = 31.7°, 33.0°, 35.5°, 42.0°, 44.6°, 57.5°, and 66.5°
(JCPDS: 26-0135).
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Figure 2-8 contains SEM images and EDS spectra for the GDC-supported BNHA catalysts
prepared by the two different deposition methods. The images provided are representative of
images obtained for several particles for each sample at different magnifications. The materials
prepared by both methods had similar particle sizes and morphology and produced non-uniform
deposits of BNHA on GDC. These images indicate that a greater amount of the smooth, GDC
support surface is visible for the catalyst prepared by IWI. This results in greater contact
between the oxygen-conducting support surface and the gas phase during reaction. This
increased contact area results in an increase in the exchange of oxygen from the gas phase to the
support and ultimately more oxygen conducted to the active catalyst to prevent carbon formation.

The circled areas indicate the location on the samples where EDS analysis was performed. The
SEM images for both samples contain particles with exposed areas of the GDC support surface
around areas of deposited BNHA catalyst. This is supported by the presence of the Ba, Al, Ce,
and Gd peaks in Figure 2-8(b,d).

Bulk BNHA H H N l
_10wt%BNHA/GDC-SSI\iJ n " h
A — M

—10wt%BNHﬁ}[GDC-IWIJ “ “ ‘l \ A A
GDC Support JL A h A A
30

Intensity (a.u)

40 50 60 70 80
2 theta (°)

10 20

Figure 2-7: XRD spectra for GDC supported BNHA system.
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Figure 2-8: SEM images and EDS spectra for catalysts prepared by different methods: (a,b)
10wt%BNHA/GDC-IWI, (c,d) 10wt%BNHA/GDC-SSM. The EDS peaks for Au are present since the
samples were non-conducting and had to be coated for SEM images.

2.2.3.2 Reaction Studies

Figure 2-9 shows the product yields for three catalysts: 3wt%Ni/alumina, 3wt%Ni/GDC, and
bulk BNHA. The 3wt%Ni/alumina produced the highest hydrogen and carbon monoxide yields.
The 3wt%Ni/GDC demonstrated very low hydrogen and carbon monoxide production, even on
pure TD. The poor performance of this material may be explained by the low surface area of the
support, which produces fewer and larger metal sites that are more likely to deactivate under
these conditions. The lower yields of hydrogen and carbon monoxide may also be an indication
that the oxygen-conducting support inhibits the activity of the Ni sites by preventing them from
fully reducing to a metallic state.

For the bulk BNHA hexaaluminate, relatively few of the metal sites in the hexaaluminate
material are available for participation in the reaction [61]. This may explain the slightly lower
initial activity before the DBT and MN are introduced into the feed as well as the relatively rapid
deactivation in the presence of these contaminants. All three catalysts deactivated completely
within two hours of exposure to the contaminants, with the hydrogen and carbon monoxide
yields reaching those of a reactor filled only with quartz material [69]. A corresponding increase
in carbon dioxide and unconverted hydrocarbon (represented as methane) yields occurs after
exposure to contaminants, also indicative of catalyst site deactivation. None of the materials
recovered activity when the feed was switched back to pure TD.
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Figure 2-10 contains the performance plots for the two GDC-supported BNHA catalysts
prepared by the different deposition methods (IWI and SSM). Both catalysts produced near
equilibrium conversions [69] for the two hours of testing on pure TD. Both catalysts suffered a
rapid decrease in hydrogen and carbon monoxide yields within minutes of switching to the fuel
containing sulfur and aromatic contaminants, accompanied by an increase in carbon dioxide and
unconverted hydrocarbon (represented as methane) yields. Although the catalyst prepared by
IWI had a more significant initial drop in product yields, this catalyst demonstrated more stable
production throughout the two hours on in the presence of the contaminants, consistent with
Kinetic inhibition of the reaction rather than a cumulative effect of sulfur poisoning or carbon
deposition. Further, the catalyst prepared by IWI demonstrated nearly complete recovery within
one hour of switching the fuel back to pure TD, while the catalyst prepared by SSM remained at
the reduced levels.

Figure 2-11 compares the olefin concentrations measured by GC during [the testing of] both of
these catalysts. These species are believed to be precursors of carbon formation on active sites.
Figure 2-11 certainly suggests that this was the case here. Note the continued olefin formation
even after the contaminants are removed for the catalyst prepared by SSM, indicating the surface
of the catalyst has been deactivated and reactions are occurring in the gas-phase.

Table 2-6 compares the total carbon formed on un-catalyzed GDC, bulk BNHA, and the two
GDC-supported BNHA catalysts. The total carbon formed in a reactor filled only with the quartz
material is also provided. The total carbon formed on the quartz and on the GDC was
quantitatively similar, indicating that carbon formation occurs on the reactor packing material
and/or reactor wall, even in the absence of reaction. This was expected since the TD conversion
in the presence of GDC was equal to the conversion in the presence of quartz only.

It is evident that the oxygen-conducting properties of the GDC reduced the overall carbon
formation in the supported catalysts compared to the bulk BNHA, which was likely responsible
for the decreased rate of deactivation in both supported catalysts. There is no significant
difference in the total carbon for these two catalysts, showing that these two ways of applying
the BNHA to the GDC have little effect on the total amount of carbon formed.

TPO results in Figure 2-12 show similar profiles for the two GDC-supported catalysts. Further,
the TPO peak temperature and shape of the curves for the quartz and the GDC alone show
qualitatively similar carbon deposition as the catalysts. Comparing the bulk BNHA with the two
GDC-supported BNHA materials shows a clear reduction in the total carbon deposition,
consistent with the hypothesis that the oxygen-conducting GDC reduces carbon formation. The
GDC support also appears to prevent the formation of the most refractory carbon, as evidenced
by the higher TPO temperature required to oxidize the carbon on the bulk BNHA.

Figure 2-13 contains the results of the extended runs for the two GDC-supported BNHA
catalysts during which the time needed for the hydrogen yield to drop to the same level was
measured. The hydrogen yield for catalyst prepared by IWI decreased from 85% to 35%, (~50%
of the initial hydrogen concentration) in the product stream for more than 4 h after exposure to
DBT and MN, while the hydrogen yield for the material prepared by SSM decreased to the same
level in 2 h, consistent with the results presented in Figure 2-10. This significant difference
suggests further that the catalyst prepared by incipient wetness resists deactivation for a longer
period of time than a nominally identical material prepared by solid state mixing, apparently due
to greater interaction of the oxygen-conducting GDC support.
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Figure 2-10: Performance of 10wt%BNHA/GDC-SSM and 10wt%BNHA/GDC-IWI in the POX of n-tetradecane: WHSV = 50,000 scc/g¢y * h,
T =900°C, P = 0.23MPa, O/C = 1.2: (a) Hydrogen yield, (b) Carbon monoxide yield, (c) Carbon dioxide yield, (d) Methane yield.
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Figure 2-11: Olefin concentrations in product stream determined by GC for 10wt%BNHA/GDC-SSM
and 10wt%BNHA/GDC-IWI in the partial oxidation of n-tetradecane: WHSV = 50,000 scc/gc * h,
T =900°C, P =0.23MPa, O/C =1.2.

Table 2-6: Total bed carbon (TBC) formed during CPOX tests.

Catalyst TBC (g9)
Quartz 0.29
GDC 0.26
Bulk BNHA 0.87

10wt%BNHA/GDC - SSM  0.62
10wt%BNHA/GDC - IWI 0.60

The total carbon formed in the bed for these runs is provided in Table 2-7. The run with the
catalyst prepared by IWI produced substantially more carbon in the reactor, yet remained more
active longer. The additional carbon is a result of a longer time on stream in the presence of
contaminants. It should be noted that the time scales of the two experiments using the catalyst
prepared by SSM were roughly similar and the amount of carbon deposited in the bed is
consistent with the results presented in Table 2-6.
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Figure 2-12: TPO plots for reactor beds after partial oxidation tests.

Table 2-7: Total bed carbon (TBC) formed during extended CPOX tests.

Catalyst TBC (9)
10Wwt%BNHA/GDC - SSM  0.58
10wt%BNHA/GDC - IWI 0.80

224 Conclusions

Two materials containing 10wt% Ni-substituted barium hexaaluminate (BNHA) deposited onto
gadolinium-doped ceria (GDC), an oxygen conductor, were prepared using different methods:
incipient wetness impregnation (IWI) and solid-state mixing (SSM). These catalysts were
examined for the partial oxidation of n-tetradecane containing sulfur and aromatic compounds.
Both of the GDC-supported catalysts demonstrated greatly reduced deactivation compared to
3wt%Ni/alumina and 3wt%Ni/GDC, and bulk BNHA, with significantly reduced carbon
formation. This was attributed to the oxygen-conducting property of the GDC. The material
prepared by IWI1 demonstrated more stable hydrogen and carbon monoxide production than the
material prepared by SSM in the presence of sulfur and aromatics, and had significant recovery
in product yields when the contaminants were removed. The slower rate of deactivation was
attributed to a larger amount of exposed support surface area, which facilitates adsorption and
transport of gas phase oxygen to catalytically active sites. Further, it is believed that the material
prepared by IWI possessed a greater degree of interaction between the BNHA and GDC phases.
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Figure 2-13: Performance of 10wt%BNHA/GDC-SSM and 10wt%BNHA/GDC-IWI in the extended POX test with n-tetradecane plus DBT

and MN: WHSYV = 50,000 scc/g¢qy ¢ h, T =900°C, P = 0.23MPa, O/C = 1.2: (a) Hydrogen yield, (b) Carbon monoxide yield.
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3 Segmented Catalyst Bed

3.1 Powder Catalyst

Note: Section 3.1 was originally published as, “Effect of the Catalyst Bed Configuration on the
Partial Oxidation of Liquid Hydrocarbons,” in Energy & Fuels [119].

3.1.1 Introduction

Liquid hydrocarbon fuels such as diesel can be reformed into synthesis gas to operate high-
temperature solid oxide fuel cells (SOFCs) [120]. This process is especially attractive for
transportation and remote energy applications. For these applications, the reforming would most
likely be carried out by catalytic partial oxidation (CPOX) or oxidative steam reforming (OSR)
since they require little or no water storage. However, traditional reforming catalysts deactivate
rapidly under these harsh conditions from thermal sintering, excessive carbon formation, and
sulfur poisoning. Deactivation can be reduced by substituting the active metals into thermally-
stable oxide crystal structures such as perovskites [97-99, 121], pyrochlores [71, 72, 82, 83], and
hexaaluminates [61, 62, 68-70, 72, 104, 105]. These materials also show resistance to carbon
formation due to enhanced lattice oxygen mobility at high temperatures.

Recent work [71, 72, 82, 83] using pyrochlores, into which active metals have been
isomorphically substituted, has shown that these materials retain the thermal stability of the
pyrochlore while limiting carbon formation by what is believed to be greater oxygen mobility
than the unmodified pyrochlore. The pyrochlore structure, A,B,07, can (within limits)
accommodate substitution in both the A- and B-sites of the lattice, which allows for the addition
of both active metals and promoters [122]. Doping the pyrochlore structure with an active and a
promoter metal can produce a catalyst that incorporates several unique properties beneficial for
hydrocarbon reforming: high catalytic activity, thermal stability, sulfur tolerance, and oxygen
conductivity.

A Rh-substituted pyrochlore supported by zirconium-doped ceria (ZDC) successfully converted
a commercial diesel fuel to synthesis gas for 1000 h under OSR conditions [84]. However, since
Rh is an expensive noble metal, it is desirable to find a way to reduce the amount required while
maintaining a high level of activity and resistance to deactivation.

It has been widely reported that CPOX and OSR of hydrocarbon fuels proceed via a series of
reactions in which oxygen in the feed first reacts to completion with the fuel at the inlet, forming
carbon dioxide, water, and with fragments of the fuel produced by heat released in those
reactions. In the downstream portion of the bed, the remaining fuel reacts with carbon dioxide
and water in a series of endothermic reforming reactions producing primarily carbon monoxide
and hydrogen [6, 15, 21, 25, 27, 33]. This sequence is generally referred to as the indirect
mechanism, which differs from the direct mechanism that is characterized by the formation of
the final syngas products by the reaction of oxygen with the fuel to produce carbon monoxide
and hydrogen in one step [6, 10-13, 17, 23]. The indirect mechanism for the CPOX and OSR of
diesel reforming is pictured in Figure 3-1[123].
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Figure 3-1 Reactor diagram for CPOX of a hydrocarbon via the indirect mechanism.

Considering the conditions shown in Figure 3-1, two approaches for modifying the catalyst bed
were examined. In the first approach, the dominant reaction(s) in each section of the reactor was
hypothesized, and catalysts were selected that are optimum for the reaction(s) occurring in that
particular location. The catalyst formulation that is optimal in one region of the reactor may not
be the optimal formulation in another. For example, placing a catalyst specifically designed for
combustion in the front of the bed would increase the extent of those reactions, while a catalyst
designed for steam and/or carbon dioxide reforming would do the same if placed at the end of
the bed.

The second approach focused more on the reaction conditions in the different sections of the
reactor to identify regions that would be less likely to deactivate less expensive metal catalysts,
like Ni or Ru. Horn et al. [33] examined the indirect mechanism for methane CPOX by
measuring the temperature and gas composition profiles down the length of the catalyst bed. The
results in this study provide the opportunity to consider the different temperatures and gas
compositions at the front, middle, and end of the reactor to determine which region will most
likely deactivate by excessive carbon formation or sulfur poisoning. In the study reported here, it
was hypothesized that the most rapid deactivation in the front of the catalyst bed is a result of
thermal sintering due to highly exothermic oxidation reactions, while rapid deactivation at the
end of the catalyst bed is due to sulfur poisoning due to lower temperatures from the endothermic
reactions.

A number of studies [90-93] have been reported that utilize similar segmented beds of supported
metal catalysts for hydrocarbon reforming. Zhu et al. [92] and Xu et al. [90] reported the use of
segmented catalyst beds for the CPOX of methane, while Tong et al. [93] tested OSR of
methane. All of these studies utilized the first approach discussed previously of placing a
combustion catalyst at the reactor inlet, followed by catalysts suited for endothermic steam and
carbon dioxide reforming. All studies reported a benefit to this approach.

Zhu et al. [92] placed yttria-stabilized zirconia (YSZ) in the combustion zone, followed by a Co-
based reforming catalyst; however, the two catalysts were placed in separate, sequential reactors.
This approach significantly reduced the benefit of the convective heat transfer from the
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combustion zone to the second stage where the endothermic reforming reactions occur. Further,
there was a flattening of the temperature profile in the combustion zone, which can minimize
catalyst sintering, but will also reduce the amount of heat available in the second stage.

Xu et al. [90] also used two separate reactor beds; however, the oxygen feed was split and fed
separately to the two sections. The combustion catalyst in the first section was a La-based
perovskite substituted with Fe, Co, and Mn. The second section utilized a partial oxidation
catalyst, La,O3 promoted 7wt%Ni/MgAl,O4. The results were significantly affected by the ratio
of the split oxygen feed streams.

Tong et al. [93] conducted studies of the autothermal reforming of methane. In their experiments,
a Pt catalyst was used for combustion, and a Ni catalyst was used for the secondary reforming
reaction. The catalysts were placed in the same reactor tube. This study looked at varying the
space velocity for this configuration, and the performance reported was comparable to the Rh-
based catalyst studied until they reached space velocities above 200,000 h™.

This study examines the possibility of reducing catalyst cost by utilizing two series of segmented
beds. Series 1 experiments substituted a Ni-based hexaaluminate catalyst suitable for promoting
combustion in place of a Rh-substituted pyrochlore in different reactor configurations. Series 2
experiments examined Ni- and Ru-substituted pyrochlores in different configurations to
determine which sections of the reactor deactivate a given catalyst more rapidly.

3.1.2 Experimental Methods

3.1.2.1 Catalyst Synthesis

Four catalysts were synthesized for this study and are summarized in Table 3-1. The first was a
Ni-substituted barium hexaaluminate (BNHA), which was prepared by co-precipitation. Nitrate
precursors of each metal (Ba(NO3),2xH,0, Ni(NO3)22xH,0, Al(NO3)32xH,0), obtained from
Alfa Aesar, were dissolved in de-ionized water at 60°C in appropriate stoichiometric ratios. This
solution was added drop-wise to a solution of excess ammonium carbonate, forming precipitates,
which were aged for 6 h at 60°C with stirring. The aged precipitates were collected by vacuum
filtration, rinsed with de-ionized water to remove excess ammonia, and dried overnight at 110°C.
The dried material was heat treated at 425°C for one hour to convert the carbonates to an
amorphous oxide powder. Finally, the powder was calcined at 1300°C for 4 h to form the
hexaaluminate phase.

The remaining three catalysts were Ni-, Ru-, and Rh-substituted pyrochlores prepared by a
modified Pechini method [124]. Nitrate salts of each metal were dissolved separately in de-
ionized water and then combined with a citric acid (CA) solution. The solution was heated to
70°C while being stirred to ensure complete metal complexation. Once at 70°C, ethylene glycol
(EG) was added to the solution. The solution was stirred continuously at temperature until most
of the water had evaporated, leaving a transparent, viscous gel. The stir bar was removed, and the
beaker was transferred to a heating mantle preheated to 70°C. The temperature in the mantle was
increased to 140°C to promote the polyesterification reaction between EG and CA, which
produced an organic polymeric network [125]. This foam-like material was placed in an oven at
130°C to dry overnight. Finally, the material was calcined at 1000°C for 8 h to form the
pyrochlore crystal phase.
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Table 3-1 Catalysts used in this study.

Catalyst Formula Symbol
3 wt % Ni-substituted barium

hexaaluminate BaNio.4Al11 60105 BNHA
3 wt % Ni-substituted pyrochlore La; goCap.11Zr1.47Nio 28 Y 025075 Ni3-PC
1 wt % Ru-substituted pyrochlore La; g9Cap 112Zr1.69RU0.06 Y 0.2507-5 Rul-PC
1 wt % Rh-substituted pyl'OCh|0re La; goCap 11Zr1.70RN0.05Y0.2507-5 Rh1-PC

3.1.2.2 Catalyst Characterization

Prior to catalytic testing, basic material characterization was performed on each of the catalyst
powders. The crystalline phases present in each sample were determined by powder X-ray
diffraction (XRD) using a PANalytical X’Pert PRO model XRD utilizing filtered Cu Ko
radiation. BET surface area was determined by nitrogen adsorption using a Quantachrome
Surface Area Analyzer 2000.

3.1.2.3 Performance/Activity Test

Reaction studies were carried out in a laboratory-scale fixed-bed continuous-flow reactor system.
The catalyst powders were sized to —10/+40 mesh and diluted with quartz sand to a volume of 3
mL to avoid channeling and to minimize temperature gradients. The catalysts were loaded into
the reactor as prepared, with no pretreatment or reduction. The catalyst bed was placed in a
tubular reactor (8 mm i.d.) with a coaxially centered thermocouple at the center of the bed.
Nitrogen and air flows were delivered by mass flow controllers, and the liquid fuel feed was
delivered by a high accuracy HPLC dual pump (Dionex 680A). Additional details and a reactor
schematic are provided elsewhere [75].

Partial oxidation step-response activity experiments were conducted isothermally with a center
bed temperature of 900°C and a pressure of 0.23 MPa. Each experiment was run in three steps:
1) the first hour, the fuel feed was pure n-tetradecane (TD) to establish baseline activity; 2) the
next two hours, the fuel feed was TD with added sulfur specie, dibenzothiophene (DBT), and
aromatic specie, 1-methyl naphthalene (MN), to examine the effects of diesel contaminants on
catalyst performance; 3) the final two hours, the fuel feed was switched back to pure TD to
observe catalyst recovery.

Two separate but similar sets of conditions were used. In Series 1, BNHA and Rh1-PC catalysts
were studied together. The conditions were selected so that the experiments could be completed
in a single day. Preliminary studies showed that at an O/C = 1.2, a high level of MN (10 wt%)
was required to produce sufficient deactivation in the base case performances to differentiate
between them. Throughout this series, however, the high level of MN resulted in plugging of
reactor exit lines with naphtha. Therefore, in Series 2, the concentration of MN was decreased to
5 wt% for the experiments using Ni3-PC and Rul-PC catalysts. Additionally, it was necessary to
decrease the O/C to 1.1 in Series 2 to produce enough catalyst deactivation. The reaction study
conditions are summarized in Table 3-2.

73



Table 3-2 Summary of CPOX conditions for reaction studies.

Series 1: Series 2:
Condition BNHA/Rh1-PC Ni3-PC/Rul-PC
O/C ratio 1.2 1.1
Preheat Temperature (°C) 375
Reactor Temperature (°C) 900
Pressure (MPa) 0.23
Flow Rate (sccm) 400
WHSYV (scc/geareh) 25,000
Gas Composition:
0-60 min Pure TD
61-180 min TD + 10 wt% MN TD + 5 wt% MN
+ 50 ppm DBT + 50 ppm DBT
181-300 min Pure TD

3.1.2.4 Product Analysis

The gases (hydrogen, nitrogen, oxygen, carbon monoxide, carbon dioxide, and methane) were
analyzed using a 200 amu scanning magnetic sector mass spectrometer (Thermo ONIX, model
no. Prima &b). The gaseous hydrocarbon products (C1-C, paraffins, C,-C,4 olefins, and benzene)
were analyzed using a HP5890 gas chromatograph equipped with a flame ionization detector
(FID). Oxygen conversion was complete during all experiments. Although water was produced
in the reaction, it was not quantitatively analyzed. Carbon balances were typically within 100
+5%. Yield and conversion were calculated by the expressions provided in Section 2.2.2.5.

3.1.2.5 Carbon Formation Study

Total carbon in the catalyst bed was determined by temperature programmed oxidation (TPO) of
the catalysts plus bed material. TPO was performed by introducing a gas stream of 10% O,/N,
into the reactor and was run from 200 to 900°C with a temperature ramp of 1 °C/min. Carbon
dioxide evolution was measured continuously by a mass spectrometer, and the total carbon that
had been deposited in the bed was calculated by integration of the carbon dioxide flow rate
exiting the reactor.

Two values for carbon are provided for each reactor configuration: 1) measured and 2) predicted.
The total predicted carbon (TPC) was calculated using the total measured carbon (TMC),
determined by the TPO of the two single-composition bed runs by the following equation:

TPC = Weight%cm *TMCecan1 + Weight%Catz * TMCca (3-1)

The purpose of these comparisons was to identify any synergistic effects of the segmented bed
configurations.
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3.1.3 Results and Discussion

3.1.3.1 Catalyst Characterization

The XRD patterns for the fresh pyrochlore catalysts show the desired crystal structure (Figure
3-2). Previous studies provide the XRD spectra to confirm that the BNHA catalyst possesses the
hexaaluminate crystal structure [69]. These crystal structures are important because substitution
of the catalytically active metals into these refractory materials can provide both thermal stability
and resistance to deactivation from sintering, metal site agglomeration, and active metal
vaporization.
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Figure 3-2 XRD spectra of the Rh1-PC, Rul-PC, and Ni3-PC catalysts; (=) pyrochlore, (*) perovskite.

Table 3-3 summarizes the BET surface areas of all materials in this study. Although these
materials exhibit relatively low specific surface areas when compared to traditional supported
metal reforming catalysts, they still produce near equilibrium conversions in all activity tests
presented in the following sections.

Table 3-3 Surface Area of Reforming Catalysts Used in This Study.

Catalyst BET Surface Area (m*/g)
BNHA 13.0

Ni3-PC 4.6

Rul-PC 3.4

Rh1-PC 3.6
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3.1.3.2 Series 1: BNHA and Rh1-PC
3.1.3.2.1 Single-Composition Beds

Performance

The performances for the two single-composition beds used for series 1 are presented in Figure
3-3. The BNHA catalyst was selected from previous studies [68-70, 72, 73] and its performance
under similar reaction conditions is known to provide rapid deactivation and minimal recovery.
Rh1-PC possesses the same formula as the previously reported 1000 h reforming study [84] on
diesel fuel, except with 1 wt % Rh instead of 2 wt % Rh. The Rh1-PC performed significantly
better than BNHA, and both runs are consistent with previous results. The difference in the
performances of these two catalysts has been attributed to both the active metal (Rh and Ni) and
the characteristics of the oxide system into which they are substituted (hexaaluminate and
pyrochlore). Rh-based catalysts have higher activity than Ni for CPOX of hydrocarbons [13,
126-128] and more resistance to deactivation from carbon formation and sulfur poisoning [75,
128, 129]. Additionally, although both exhibit thermal stability under the reaction conditions, the
doped pyrochlore crystal structure possesses properties that provide other benefits over
hexaaluminates [72]. Doping the A site with alkaline earth metals has been suggested to improve
resistance to excessive carbon formation by increasing surface basicity and lattice oxygen
mobility [122], also believed to reduce carbon deposits on the catalyst surface [71, 84]. All
catalysts and all configurations produced near equilibrium conversions with carbon balances of
100 £5%. These two compositions (BNHA and Rh1-PC) were selected for segmented bed series
1 for two reasons: (1) significant differences in their performances would likely demonstrate a
synergistic effect, if present, more clearly, and (2) BNHA is likely to enhance the indirect
reforming mechanism, because oxidized Ni catalysts promote combustion, while Rh-based
catalysts have the potential to function as both a direct and an indirect reforming catalyst [10-13,
27, 33].

Carbon Formation

The total measured carbon (TMC) from the TPOs performed after the reaction tests of the two
single-composition runs for series 1 are presented in Table 3-4. As expected, Rh1-PC had
significantly less carbon deposition. These measured values are used to calculate the total
predicted carbon (TPC) for the segmented beds via Equation 3-1.

Table 3-4 Carbon formation for Series 1 single-compaosition bed runs.

Catalyst TMC (g)

Rh1-PC 0.49
BNHA 1.88
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Figure 3-3 Performances of two single-composition bed runs for catalysts used in series 1 under
CPOX: WHSV = 25,000 SCC ge - h™, O/C = 1.2, 900°C, and 0.23 MPa.

3.1.3.2.2 BNHA and Rh1-PC Segmented Bed Configurations

Performance

The performances for the segmented beds in series 1 are presented in Figure 3-4. Although the
configuration with BNHA in the inlet of the reactor had a lower hydrogen yield initially, the
deactivation for the 2 h exposed to DBT and MN was less severe and the recovery during the last
2 h on pure TD was significantly better. The lower hydrogen yield initially may indicate that the
BNHA provides sufficient combustion activity at the reactor inlet, but there is not sufficient
activity in the remaining part of the bed to complete the secondary reforming reactions. It has
been shown that the combustion reactions occur in the very front portion of the catalyst bed [15,
33]. Therefore, a combustion catalyst may provide the most benefit in a smaller region (<50%)
of the reactor inlet with a larger section of the reforming catalyst. This conclusion was also stated
by Tong et al. [93] for their Pt/Ni catalyst bed. These results may also indicate that the BNHA is
deactivated more rapidly in the outlet of the reactor than in the inlet. This would likely be due to
sulfur poisoning of Ni in the lower temperature (<800°C) conditions in the outlet of the reactor.
At these lower temperatures, carbon formation, linked to sulfur poisoning, may be more rapid on
Ni catalysts than on Rh.
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Figure 3-4 Comparison of the performances of different segmented bed configurations using
BNHA and Rh1-PC catalysts under CPOX: WHSV = 25,000 scC ge h™", O/C = 1.2, 900°C,

Carbon Formation

and 0.23 MPa.

Table 3-5 summarizes the carbon deposition for the catalyst configurations shown in Figure 3-4.
For both configurations, the differences between the measured and predicted carbon values were

not significant. However, there was a significant difference between the two segmented bed

configurations. The configuration with BNHA at the inlet and Rh1-PC at the outlet of the reactor

formed 14% less carbon than the reverse configuration. This result suggests that more overall

carbon is formed with BNHA in the reactor outlet.

Table 3-5 Carbon Formation for Series 1 Segmented Bed Runs.

Inlet (%)
Outlet (%) TMC (9) TPC(9)
50% Rh1-PC
50% BNHA 1.31 1.19
50% BNHA 15 16

50% Rh1-PC
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3.1.3.3 Series 2: Ni3-PC and Rul-PC
3.1.3.3.1 Single-Composition Beds

Performance

Series 2 looked at two different pyrochlore formulations. The first was substituted with 3 wt% Ni
(Ni3-PC), shown in a previous study [72] to be a better overall Ni-based catalyst than BNHA
from series 1. The second contained 1 wt% Ru (Rul-PC), another reforming catalyst expected to
have resistance to sulfur poisoning. Figure 3-5 presents the performance data for these two
catalysts in the single-composition bed runs. The performances before and during the addition of
DBT and MN are not significantly different; however, the Ni3-PC exhibits better recovery
during the last 2 h of the experiment. This suggests that a larger number of Ni sites were
reversibly deactivated while exposed to contaminants. It should also be noted that the total
atomic substitution of Ni in the pyrochlore is nearly 5 times that of Ru.
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Figure 3-5 Performances of two single-composition bed runs for catalysts used in series 2 under
CPOX: WHSV = 25,000 scC ge h™, O/C = 1.1, 900°C, and 0.23 MPa.

Carbon Formation

The carbon formed during the single-composition bed runs for the catalysts used in series 2 is
provided in Table 3-6. The Ni3-PC formed nearly 2 times the carbon as the Rul-PC, even though
it demonstrated a greater amount of recovery during the last 2 h of the run. The higher atomic
substitution level of Ni in the pyrochlore is one possible explanation for its ability to maintain
activity even with higher carbon deposition. Another explanation that must be considered is that
carbon formation is not the only deactivation mechanism. It is suspected that sulfur poisoning
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could contribute to deactivation, especially for Ni-based catalysts. Future studies will examine
these catalysts without the added sulfur species.

Table 3-6 Carbon Formation for Series 2 Single-composition Bed Runs.

Catalyst TMC (g)
Ni3-PC 1.12
Rul-PC 0.57

3.1.3.3.2 Ni3-PC and Rul-PC Segmented Bed Configurations

Performance

Figure 3-6 presents the data for the segmented bed runs for series 2. The configuration with Ni3-
PC in the reactor outlet produced the lowest hydrogen yield throughout the experiment. This is
consistent with the results from series 1 and again suggests that the Ni sites deactivate more
rapidly in the endothermic region. In contrast, the two segmented configurations with Ni3-PC in
the reactor inlet and Rul-PC in the outlet experienced less deactivation when exposed to DBT
and MN and recovered to greater than 80% hydrogen yield in the last 2 h of the test. While the
performances of these two configurations are not significantly different, it is significant that the
amount of Ru, a more expensive noble metal, is only needed in a small portion of the reactor
outlet to produce the same level of hydrogen yield. This further supports that Ni is rapidly
deactivated in last section of the catalyst bed.
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Figure 3-6 Comparison of the performances of different segmented bed configurations using Ni3-
PC and Rul-PC catalysts under CPOX: WHSV = 25,000 scc ges 'h™, O/C = 1.1, 900°C, and 0.23 MPa.
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Carbon Formation

Table 3-7 provides the measured and predicted carbon for the Ni- and Ru-based catalysts in the
different configurations for the runs presented in Figure 3-6. The greatest difference between the
measured and predicted carbon values was seen in the last configuration of 75% Ni3-PC in the
inlet of the reactor and 25% Rul-PC in the outlet. This configuration formed nearly 30% less
carbon than predicted, as calculated by linear combination of the carbon formed on the two
single-component beds. Again, this result strengthens the conclusion that Ni-based catalysts
perform poorly and deactivate most rapidly in the outlet of the reactor, likely because of sulfur
poisoning accompanied by excess carbon deposition.

Table 3-7 Carbon Formation for Series 2 Segmented Bed Runs.

Inlet:

Outlet TMC (9) TPC (9)
50% Rul-PC:
50% Ni3PC 0.75 0.85
50% Ni3-PC:
50% Rul-PC 0.82 0.85
0, 13- .
75% Ni3-PC: 07 0.08

25% Rul-PC

3.14 Conclusions

The results of this study indicate that catalyst cost may be reduced using a segmented catalyst
bed approach for CPOX or OSR of diesel. Two strategies were examined: (1) promote the
indirect reforming mechanism by placing a combustion catalyst in the reactor inlet, followed by
a reforming catalyst, and (2) place catalysts in regions of the reactor that have conditions in
which they are less likely to deactivate. The first approach demonstrated that a Ni-substituted
barium hexaaluminate catalyst can be used in the reactor inlet to promote combustion with a Rh-
substituted pyrochlore in the reactor outlet, but the combustion catalyst should fill less than 50%
of the reactor. The second approach showed a benefit in the use of a sulfur-tolerant noble metal
catalyst in the reactor outlet and that a significant portion of the carbon formed on the Ni-
substituted pyrochlore is located in the last 25% of the catalyst bed.
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3.2 Catalyst Coated Foams

Note: The material in Section 3.2 was presented at the ACS Spring National Meeting 2012 as,
“Carbon Formation in a Graded-Composition Monolithic Catalyst During Partial Oxidation of
Hydrocarbons.”

3.2.1 Introduction

Successful reforming of diesel surrogate fuels has been demonstrated using noble metal-
substituted pyrochlores (PC) [71, 82]. It was proposed that substituting less expensive catalysts
in a portion of the catalyst bed may provide acceptable levels of performance and significantly
reduce cost. This is driven by the indirect mechanism observed in the catalytic partial oxidation
(CPOX) of hydrocarbons reported in literature [123]. This approach has been referred to as the
graded catalyst bed (Figure 3-7) and several examples of a similar approach can be found in the
literature [90, 91, 93].

In this study the potential benefits of a multi-composition, or “graded,” monolith comprised of
substituted PC catalysts are studied by placing them in different configurations in a reactor and
testing their performance under CPOX conditions. The catalysts used were lanthanum zirconates
similar to previously studied powder catalyst [71, 72, 82], with the general formula La,xCaxZry.y-
:MeyY,O7.5 (Me = Ni, Rh), which were deposited onto alumina foams. Catalytic testing was
followed by carbon characterization of the individually coated foams to quantify the amount of
carbon formed on each catalyst in the different sections of the reactor during CPOX.

3.2.2 Experimental Methods

3.2.2.1 Catalyst Preparation

The catalysts were prepared by coating alumina foam monoliths with a Pechini precursor
solution [82]. The samples were dried at 130°C between each deposition of precursor solution
until the desired weight loading of catalyst was obtained. The coated foams were then calcined in
air at 1000°C for 8 h with a ramp rate of 5 °C/min.

Figure 3-7 Alumina foam materials coated with reforming catalysts.

3.2.2.2 Catalyst Performance

Alumina foams coated with pyrochlore catalysts containing 3 wt% Ni (Ni3-PC) or 1 wt% Rh
(Rh1-PC) substitution were placed in a reactor in different configurations. Reaction studies were
carried out in a laboratory-scale, fixed-bed reaction system described elsewhere [75]. CPOX
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step-response experiments were conducted at an O/C = 1.1, a WHSV = 75,000 cm®/gcach, a
pressure of 0.2 MPa, and a total inlet gas flow rate of 400 sccm. The catalyst bed temperature
was 900°C. The coated foams were run under CPOX for two hours on pure n-tetradecane (TD),
a diesel surrogate, then two hours on TD plus 50 ppm sulfur as dibenzothiophene and 5wt% 1-
methyl naphthalene, then again for one hour on pure TD to observe the catalyst recovery. These
conditions were selected from previous tests to produce a notable rate of deactivation within a
single-day test.

Total carbon formed during CPOX was determined by temperature programmed oxidation
(TPO) of each foam segment. TPO was performed by introducing a gas stream of 10% O,/N,
into the reactor and was run from 200 to 900°C with a temperature ramp of 1 °C/min. CO,
evolution was measured continuously by a mass spectrometer and the total carbon that had been
deposited in the bed was calculated by integration of the CO, flow rate exiting the reactor, which
was measured by online mass spectrometry.

3.2.3 Results and Discussion

Figure 3-8 shows the CPOX performance of the base-case configuration of Ni3-PC in both the
top and bottom of the reactor. This configuration produced slow, but continuous deactivation for
the two hours the catalyst was exposed to the fuel contaminants. Once the contaminants were
removed, the catalysts produced very little, but stable recovery for two hours on pure TD fuel.
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Figure 3-8 Performance of Ni3-PC coated foams in the top and bottom of the reactor under CPOX:
WHSV = 75,000 scC gcar 1 h™, O/C = 1.1, 900°C, and 0.23 MPa.
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The second configuration also had the same catalyst formulation in the top and bottom of the
reactor; however, the catalyst was the Rh-substituted pyrochlore, Rh1-PC. The results of the
CPOX step-response test for this configuration are presented in Figure 3-9. The deactivation of
this catalyst was significantly less than the Ni-substituted pyrochlore, and also displayed nearly
complete recovery of activity within two hours of removing the contaminant species.

Figure 3-10 shows the results of the first mixed catalyst configuration with Rh1-PC in the top
and Ni3-PC in the bottom of the reactor. This configuration performed similarly poor to the
configuration with Ni3-PC in both the top and bottom. These results are consistent with the
findings reported in the powder studies in Section 3.1, and indicate that additional benefit cannot
be gained by placing an expensive Rh catalyst in the top half of the reactor. This supports the
idea that the most rapid deactivation for Ni-based catalysts occurs in the lower part of the CPOX
reactor. This is likely due to lower temperatures from endothermic steam reforming, which can
lead to formation of stable sulfide species on the catalyst surface. These sulfide species are
highly mobile, will agglomerate over time, ultimately leading to an increase in the deposition of
deactivating carbon.

Figure 3-11 presents the performance data for the reactor configuration of Ni3-PC in the top of
the reactor and Rh1-PC in the bottom. This mixed-catalyst configuration performed much better
than the previous; however, the performance is lower than the configuration with Rh1-PC used
in the entire catalyst bed. This result supports further that Ni-based catalysts deactivate less
rapidly in the top of the reactor. This is likely due to the fact that the top of the reactor is where
deep oxidation of the hydrocarbon occurs, producing exothermic conditions that are not
favorable for carbon deposition or sulfide formation. This part of the reactor also has the highest
partial pressure of oxygen, also making carbon formation unfavorable. Therefore, at least some
portion of the front of the reactor can utilize less expensive reforming catalysts (Ni) with the
expensive noble metal (Rh) only needed in the more deactivating bottom section of the reactor.
An optimal configuration can be determined for a given set of catalysts and reactor conditions.

The carbon formed in each section of the reactor for the four different catalyst configurations is
presented in

Table 3-8. The Rh-substituted PC produced the lowest levels of carbon in the top and bottom
sections of the reactor. The carbon formed on the Ni-substituted PC reduced slightly when the
Rh-PC was placed in the top section of the reactor. The difference in carbon formation on the
Rh-PC in the bottom section was not significant when Ni-PC was placed in the top of the reactor.

3.24 Conclusions

Utilizing a graded-composition monolith can provide a benefit by reducing catalyst cost in the
reforming of hydrocarbons. Specifically, using pyrochlore catalysts substituted with inexpensive,
reforming metal catalysts (Ni) in sections of the reactor that are less prone to carbon formation
may produce acceptable levels of performance without the need for significant quantities of
expensive noble metals like Rh.
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Figure 3-9 Performance of Rh1-PC coated foams in the top and bottom of the reactor under CPOX:
WHSV = 75,000 scc geo - h™, O/C = 1.1, 900°C, and 0.23 MPa.

25
Rh1-PC-Top . “v::ee" -
. u Carbon Monoxi
Ni3-PC- Bottom 4 Carbon Dioxide
» Methane
20 1
. 1

215 b

-é— n

= A

4

£

S10 3 A

0O/C=1.1, 50ppmDBT + Swit% 1-MN | ¢
75,000 sccf{g,,.#hr), 900 C, 0.23 MPa
5
TD+ DBT + MN
0 ; : : ‘
0 50 100 150 200 250 300
Time (min)

Figure 3-10 Performance of Rh1-PC coated foam in the top and Ni3-PC coated foam in the bottom
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Table 3-8 Carbon Formation in Sections of Segmented Catalyst Bed.

BOTTOM Ni3PC Rh1PC Ni3PC RhiPC
Carbon (Top), g 0.42 0.38 0.08 0.05
Carbon (Bottom),g  0.36 0.05 0.28 0.04
Total, g 0.78 043 0.36 0.09
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4 Carbon Formation Study

4.1 Low-Temperature Carbon

Note: Section 4.1 was submitted for publication to Applied Catalysis A as, “Carbon formation on
Rh-substituted pyrochlores catalysts under partial oxidation of liquid hydrocarbons.”

4.1.1 Introduction

Among several potential applications, reforming liquid hydrocarbons into syngas can be used to
operate a solid oxide fuel cell for auxillary power units in long-haul trucks, and for remote, or
distributed power generation [120]. For these applications the use of water (i.e. steam reforming,
SR, or autothermal reforming, ATR) may not be practical. Instead, partial oxidation (POX) or
oxidative steam reforming (OSR), the use of oxygen and steam in ratios different from ATR,
may be a more attractive approach to generating syngas. However, these reactions require high
temperatures; and, for fuels containing sulfur and aromatic contaminants, like diesel, traditional
supported metal reforming catalysts will deactivate rapidly from excessive carbon deposition
[53, 130-134], as well as from sintering [135, 136], and sulfur poisoning [137-140].

Catalyst deactivation from excessive carbon deposition is inevitable in hydrocarbon reforming.
However, deactivation can be reduced by substituting the active metals into thermally-stable
oxide crystal structures such as perovskites [97-99, 121], pyrochlores [71, 72, 82, 83], and
hexaaluminates [61, 62, 69, 70, 72, 73, 105]. Pyrochlores, into which catalytically active metals
have been substituted, have demonstrated high thermal stability while limiting carbon formation,
the latter believed to be the result of increased oxygen mobility compared to an unmodified
pyrochlore [122, 141, 142]. The pyrochlore structure, A,B,07, can accommodate substitution
into both the A- and B-sites of the lattice, which allows for the addition of both promoter and
active catalytic metals [122]. Doping the pyrochlore structure with these metals can produce a
catalyst that possesses several unique properties that are beneficial for hydrocarbon reforming:
high catalytic activity, thermal stability, sulfur tolerance, and oxygen conductivity [71, 72, 82-84,
122, 141, 142].

A significant reforming study utilized a Rh-substituted pyrochlore, supported by zirconium-
doped ceria (ZDC), to successfully convert commercial diesel fuel to syngas for 1000 h under
OSR conditions [84]. In that study, notable carbon mitigation was achieved by the ZDC support;
however, some benefit was also attributed to the doping of the A- and B-site with Caand Y,
respectively. It is believed that further improvements to the active pyrochlore phase itself can be
accomplished through other formula modifications. To guide this effort, additional understanding
of how and where carbon forms on the catalyst surface under reaction conditions would be very
useful.

The formation of carbon on reforming catalysts has been studied extensively [70, 119, 131, 132,
134, 143]; however, the majority of these studies were conducted on traditional supported metal
catalysts. Shamsi, et al. [143] conducted a study on a Pt catalyst deposited on an unmodified
alumina support. Unmodified alumina was used to eliminate the effect of promoters on the
carbon deposition, which had not previously been reported. The catalyst was tested with several
different hydrocarbon fuels, and under three different reforming modes (SR, ATR, and POX).
After each test, the carbon deposited on the catalyst and support surfaces was burned off under
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temperature programmed oxidation (TPO) to observe the types and quantity of carbon formed. In
all cases, carbon burn-off peaks were observed at several different temperatures. Peaks observed
below 200°C were attributed to carbon on the deposited metal, while higher temperature peaks
were attributed to carbon deposited on the catalyst support.

A few studies using mixed-metal oxide catalysts have been reported for reforming [57, 144], but
in these materials, the active metal was a major constituent of the crystal structure. For example,
a praseodymium ruthenate (Pr,Ru,07) was studied as a reforming catalyst [57], but it was shown
that under reaction conditions the Ru was reduced and the pyrochlore crystal structure broke
down, resulting in a Pr,O3 supported Ru catalyst. Similarly, Eu,lr,O; decomposed to Ir metal
supported on Eu,O3 under methane dry reforming [144].

The approach of partial substitution of a catalytically active metal is a relatively new one, which
appears to offer additional benefits under high temperature, highly reducing conditions, like
those produced during the catalytic POX of liquid hydrocarbons. Thorough characterization of
the different surface sites that are present in these types of materials (i.e. complex oxides with
multiple partial metal substitutions) is still to be done. The initial purpose of this study is to
perform the most useful characterization (e.g. metal reducibility, dispersion, crystal structure)
that is relevant to reforming catalyst performance and carbon deposition. The second purpose is
to examine how carbon deposits during POX experiments on the different reducible sites of a
Rh-substituted La,Zr,0; pyrochlore with different active metal loadings, and for different
lengths of time.

4.1.2 Experimental Methods

4.1.2.1 Catalyst Synthesis

The Rh-substituted pyrochlores were prepared by a modified Pechini method [124]. The details
of the synthesis method are provided in a previous work [Ref]. Generally, nitrate salts of each
metal were dissolved separately in de-ionized water and then combined with a citric acid (CA)
solution. The solution was heated to 65°C while being stirred to ensure complete metal
complexation. Once at 65°C, ethylene glycol (EG) was added to the solution. The solution was
stirred continuously at temperature until most of the water had evaporated, leaving a transparent,
viscous gel. The stir bar was removed, and the beaker was transferred to a heating mantle
preheated to 70°C. The temperature in the mantle was increased to 140°C to promote the
polyesterification reaction between EG and CA, which produced an organic polymeric network
[125]. This foam-like material was placed in an oven at 130°C to dry overnight. Finally, the
material was calcined at 1000°C for 8 h to form the pyrochlore crystal phase. Catalysts with four
different loading levels of Rh were prepared (Table 4-1).

Table 4-1 Catalysts Prepared for This Study.

Catalyst ID Rh(vbfif)mg Catalyst Formula*
LCZY 0 La;.80Ca0.11Zr1.75Y0.2507-5
LCZR1Y 1 Lal_ggCao,anl_7oYo,25Rh0,0507_5
LCZR2Y 2 Lal,ggcao_llzr1,64Yo_25Rho_1107-5
LCZR3Y 3 Lal_ggCao,anl_5gYo,25Rh0,1607_5

* As prepared
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4.1.2.2 Catalyst Characterization

Prior to catalytic testing, material characterization was performed on each of the catalyst
powders. Temperature programmed reduction (TPR) and hydrogen pulse chemisorption (H,PC)
tests were conducted in a Micromeritics ASAP 2910. Approximately 200 mg of each catalyst
were loaded into the sample tube, and were reduced under 5 vol% H,/Ar balance (25 sccm) from
30 to 900°C with a ramp rate of 10 °C/min. The H,PC measurements were conducted after the
TPR at 50°C. The same gas mixture was pulsed over the samples every two minutes to determine
the H, uptake on the reduced metal sites. A 1:1 molar ratio of atomic H to metal was assumed to
quantify H, dissociation. The bulk Rh concentration for each catalyst was determined by
inductively coupled plasma (ICP) optical emission spectroscopy on a Perkin—Elmer Optima 3000
ICP-OES spectrometer. The crystalline phases present in each sample were determined by
powder X-ray diffraction (XRD) using a PANalytical X’Pert PRO model XRD utilizing filtered
Cu Ka radiation. Peak identification of the X-ray data was performed using X’pert High Score
Plus software, version 2.1.

4.1.2.3 Performance/Activity Tests

Reaction studies were carried out in a laboratory-scale fixed-bed continuous-flow reactor system.
The catalyst powders were sized to —10/+40 mesh and diluted with quartz sand to a volume of 3
mL to avoid channeling and to minimize temperature gradients. The catalysts were loaded into
the reactor as prepared, with no pretreatment or reduction. The catalyst bed was placed in a
tubular reactor (8 mm i.d.) with a coaxially centered thermocouple at the center of the bed.
Nitrogen and air flows were delivered by mass flow controllers, and the liquid fuel feed was
delivered by a high accuracy ISCO syring pump. Additional details and a reactor schematic are
provided elsewhere. Additional details and a reactor schematic are provided elsewhere [75].

Partial oxidation experiments were conducted isothermally with a center bed temperature of
900°C and a pressure of 0.23 MPa. Each catalyst was tested for 4 h under a flow of n-tetradecane
(TD), a diesel surrogate, with added sulfur specie, dibenzothiophene (DBT), and aromatic specie,
1-methylnaphthalene (MN), representing major contaminants in diesel fuel, and air (O/C = 1.25).
The flows and conditions of the experiments are summarized in Table 4-2. After the three
catalysts with different weight loadings were tested, the LCZR2Y catalyst was tested in three
additional runs for 2, 4, and 18 h.

Table 4-2 Summary of POX Experimental Conditions.

Condition Value
Feed Preheat T, °C 325
Reactor T, °C 900
Pressure, MPa 0.23
Feed Flow, sccm 400
TD+DBT+MN, vol% 2.1
0O, vol% 17.9
N,, vol% 80.0
DBT conc., ppm as S 50
MN conc., wt% 5.0
O/C Ratio 1.25
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4.1.2.4 Product Analysis

The gases (hydrogen, nitrogen, oxygen, carbon monoxide, carbon dioxide, and methane) were
analyzed using a 200 amu scanning magnetic sector mass spectrometer (Thermo ONIX, Model
No. Prima 8b). Oxygen conversion was complete during all experiments. Although water was
produced in the reaction, it was not quantitatively analyzed. Carbon balances were typically
within 100 £5%. Yield and conversion were calculated by the expressions provided in Section
2.2.2.5.

4.1.2.5 Carbon Formation Study

4.1.25.1 Temperature programmed oxidation

The carbon formed during reaction was studied by temperature programmed oxidation (TPO) of
the catalyst and bed material (quartz sand) together in the reactor. TPO was performed by
introducing a gas stream of 10 vol% O,/N; into the reactor and was ramped from 250 to 750°C
with a temperature ramp rate of 0.5 °C/min for the 4 h runs on catalysts with different Rh weight
loadings. A ramp rate of 0.2 °C/min was used for the study of the effect of time on stream using
the 2 wt% Rh catalyst (LCZR2Y). Carbon dioxide evolution was measured continuously by a
mass spectrometer, and the total carbon that had been deposited in the bed was calculated by
integration of the carbon dioxide flow rate exiting the reactor.

4.1.2.5.2 Raman spectroscopy

A Renishaw InVia Raman Microscope with 1.0 cm™ resolution was used to collect the Raman
spectra of the spent samples. The samples were excited using a 532 nm continuous wave green
laser (Crystal 532-100). A 5X magnification microscope objective was used in the experiments.
The numerical aperture size of the objective was 0.12. The experimental laser spot size was
measured using a calibration slide and was determined to be 13 pm.

41.3 Results and Discussion
4.1.3.1 Catalyst Characterization

4.1.3.1.1 Temperature Programmed Reduction

The TPR results for all four catalysts are plotted in Figure 4-1. One high temperature peak,
between 460 and 500°C, was common for all materials, and was the largest peak for each
sample. An un-doped lanthanum zirconate (LZ) was reported to produce a similar high
temperature reduction peak at 527°C [82], and can be attributed to the reduction of the zirconium
in the oxide structure. This peak is significantly larger for the Rh-substituted catalysts compared
to the LCZY. This suggests that the Rh is associated with the Zr sites in the pyrochlore structure.

In addition to the high temperature peak a small shoulder was observed at 415°C for LCZRL1Y.
At higher Rh loadings (LCZR2Y/LCZR3Y), in addition to an increase in the high temperature
peak, two types of Rh sites were observed, identified by reduction peaks located at 205/225°C
and 350/360°C. The most reducible Rh site (205/225°C) is not present in LCZR1Y, and is likely
from the reduction of rhodium oxide on the pyrochlore surface. There is a theoretical limit to the
level of substitution for a given metal in a pyrochlore structure, which is determined by the ratio
of the ionic radii of the A- and B-site metals [122]. Excess Rh may form a secondary phase
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and/or deposit as an oxide on the pyrochlore surface. No peaks were observed around 100°C,
which would be associated with a simple supported Rh site [145-147].
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Figure 4-1 TPR of substituted pyrochlore catalysts: LCZY, LCZR1Y, LCZR2Y, and LCZR3Y.

4.1.3.1.2 Hydrogen Pulse Chemisorption

After reduction, hydrogen pulse chemisorption was performed on each sample to determine
metal dispersion and particle size. Dispersion numbers were consistent with previously reported
results for similar substituted pyrochlores [82]. The results of this characterization, as well as
ICP results, are presented in Table 4-3. As the Rh loading increased, total dispersion decreased
and average particle size increased. It is proposed that as the Rh loading increased, the
pyrochlore crystal structure became saturated, and the excess Rh likely formed a secondary oxide
phase with larger particles, consistent with the results in Table 4-3.

Table 4-3 Metal Dispersion from H,PC Experiments.

Metal Content _Meta! Reducible sites | Particle
Catalyst (Wt%) from Dispersion (10°mol/g) size (nm)
ICP (%)
LCZR1Y 0.94 7.7 7.0 14
LCZR2Y 1.96 55 10.5 20
LCZR3Y 3.00 3.9 114 28

4.1.3.1.3 X-ray Powder Diffraction

The XRD patterns for the four pyrochlore materials show that the desired crystal structure was
obtained (Figure 4-2). The most interesting difference in these samples is the emergence and
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increase in the peak at ca. 31.5° as the Rh content increased. This peak is associated with a
second crystal phase, presumably a LaRhO3 perovskite (JCPDS:10-0305). The Rh associated
with this phase is also believed to correspond to the reduction peak observed ca. 350/360°C in

the TPR for LCZR2Y/LCZR3Y (Figure 4-1).
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Figure 4-2 XRD of pyrochlore reforming catalysts having different Rh loadings: LCZY, LCZR1Y,

LCZR2Y, LCZR3Y:; (=) pyrochlore, (*) perovskite.

In order to examine the crystal structure further the LCZR2Y sample was scanned by XRD after
being reduced with H, at 200, 350, and 900°C, at which Figure 4-1 shows reduction peaks in the
TPR experiments. Although the final temperature was much higher than the third reduction peak
(460°C), no peaks were observed beyond this temperature. The results of these scans are
presented in Figure 4-3. There was no observable difference in the spectra obtained for the two
samples reduced at 200 and 350°C. However, the sample reduced at 900°C showed a significant
decrease in the peak located ca. 31.5°, associated with hydrogen reduction of the LaRhO3
perovskite phase. This gives additional evidence for the conclusion that this phase corresponds to
the reduction peak observed at 350°C in the TPR. Therefore, this indicates that under the
reducing atmosphere produced by the reaction conditions the perovskite phase decomposes,
presumably allowing more Rh to participate in the reforming reaction in addition to the Rh in the

pyrochlore phase.
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Figure 4-3 XRD spectra of LCZR2Y pyrochlore catalyst after reduction at different temperatures.
4.1.3.2 Carbon Formation Study

4.1.3.2.1 Partial Oxidation Reaction

Figure 4-4 shows the product yields during the 18-h POX of TD conducted on the LCZR2Y
catalyst. This product distribution is near equilibrium values [9] and the carbon balance was
determined to be 100 £5% throughout the run. The conditions of this experiment were selected to
produce a steady state performance with little to no catalyst deactivation. All reaction tests on the
Rh containing catalysts produced the same product distribution throughout the duration of the
experiments. The LCZY catalyst had very poor product yields (Hz = 20.9%, CO = 31.6%, CO, =
31.1%, CH4 = 10.7%), only slightly higher than yields produced in a blank reactor.

4.1.3.2.2 Effect of Rh loading

After reaction testing, a temperature programmed oxidation (TPO) was performed on each
catalyst to analyze the type and quantity of deposited carbon deposited on the surface. The CO,
formed for each catalyst is plotted in Figure 4-5. Three TPO peaks in the temperature range of
300 - 550°C were observed for the Rh-substituted catalysts. This low-temperature carbon (LTC)
is likely deposited on surface sites with a more metallic nature. These peaks are not present with
the unsubstituted material (LCZY), which produced one very large peak above 550°C that began
burning off at ca. 370°C. More stable, graphitic carbon, which burns off at higher temperatures
(HTC), is typically associated with the inert oxide catalyst surfaces, or inert material in the
catalyst bed. The formation of this type of carbon will be the focus of a future study.
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The first LTC peak is seen ca. 410-420°C for the LCZR2Y and LCZR3Y catalysts, but it is not
clear if this peak is present for LCZR1Y due to the contribution of HTC peak (above 550°C).
Each Rh-substituted catalyst produced two additional peaks ca. 480 and 550°C. These carbon
species are possibly associated with less metallic Rh sites that are more strongly associated with
the oxide crystal structure.
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Figure 4-4 POX of TD over LCZR2Y pyrochlore for 18 h: WHSV = 50,000 scc gex - h™, O/C = 1.1,
900°C, and 0.23 MPa.

Table 4-4 provides the amount of carbon calculated from the TPO from 250-550°C (LTC) for
each catalyst calculated by integration of the CO; plots. The values calculated from straight
integration of the curves in Figure 4-5 suggest that the LTC decreases with increasing Rh
substitution. However, some of the carbon burning off below 550°C is from the simultaneous
burn off of carbon that reaches its peak above 600°C. Therefore, the apparent decrease in LTC is
possibly reflective of a decrease in deposition of higher temperature carbon at higher Rh-
substitution.

Origin (OriginLab, Northampton, MA) peak fitting software was used to deconvolute the peaks
in each TPO in order to subtract out the contribution of higher temperature burning carbon from
the LTC, and these calculated values are provided in the second column of Table 4-4. These
values for LTC show a different trend, which would be more expected. As Rh substitution
increased, the adjusted amount of LTC deposition increases. Further, when this carbon is
normalized with the number of reducible sites reported in Table 4-3, the LTC increases as well
with higher substitution. This could be explained by the fact that the particle size (also reported
in Table 4-3) increases with substitution, and it is known that larger particles are more
susceptible to carbon deposition.
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Figure 4-5 TPO of pyrochlore catalysts with different Rh loadings after 4 h POX of TD: (a) LCZY,

LCZR1Y, LCZR3Y, (b) LTC only, LCZY removed.
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Table 4-4 Carbon Formation Determined from TPO of Pyrochlore Catalysts with Different Rh
Loadings After 4 h POX of TD.

LTC (mg) After LTC/Reducible
Deconvolution Site (mg/10® mol)

Catalyst LTC (mg)

LCZR1Y 33 10 3.0
LCZR2Y 26 17 3.4
LCZR3Y 22 25 4.0

4.1.3.2.3 Effect of reaction time

Reaction tests were conducted for different times on stream (TOS) (2, 4, and 18 h) with the
LCZR2Y catalyst. The TPO plots for these runs are provided in Figure 4-6. Again, three burn-off
peaks were observed. The temperature ramp rate was decreased from 0.5 to 0.2 °C/min for better
peak separation. This also resulted in a shifting of all the peaks to lower temperatures (360, 400,
and 440°C) than seen in the previous TPO for LCZR2Y (Figure 4-5). The difference in the
amount of carbon calculated from the three peaks for each run time was not significant (28, 25,
and 29 mg, respectively). Only the burn-off peak above 500°C, not examined here, increases
over time.

These results, coupled with the fact that there was no observable decrease in the POX reaction
over 18 h TOS (Figure 4-4), suggest that the more reactive carbon accumulates at/near the Rh
sites, allowing it to oxidize more readily (i.e. at T <460°C). However, this carbon does not
apparently irreversibly block the Rh sites, since there is no observed decrease in POX
conversion. Less reactive carbon (TPO >460°C), likely accumulates near, but not on, the Rh
sites, clearly visible in the 18-h runs, but less obvious in the 2- and 4-h TPOs. The progress of
carbon deposition appears to start at/near the Rh site, after which less oxidizable carbon, further
from the Rh sites, populates the remaining sites. This result is consistent with other results in the
literature [132], which showed carbon accumulation only on the catalyst support after a short
period of time.

At longer reaction times, the accumulation of higher temperature carbon is expected to continue,
ultimately leading to catalyst deactivation. Therefore, to increase resistance to deactivation,
approaches to mitigate the formation of this type of carbon could be considered. These
approaches may include substitution of different dopants into the pyrochlore structure, addition
of surface promoters, or the addition of an oxygen-conducting support.

4.1.3.2.4 Characterization of carbon type and partial burn-off

Figure 4-7 shows the Raman spectra for a spent LCZR2Y after 4 h TOS. After reaction, the
catalyst was removed from the reactor without performing a TPO, and separated from the inert
bed material (quartz sand). The catalyst was separated into three samples. One of the samples
was heat treated in air at 440°C to burn off a portion of the LTC. A second sample was heated in
air to 700°C, the temperature at which all carbon was observed to burn off (Figure 4-5). The
third sample was not heat treated at all.

For the spent sample and the partially burned off sample, both graphitic (G band) and
polycrystalline (D band) carbon are seen at 1597 and 1356 cm™, respectively; however, there is
no significant difference in the spectra of these two samples. The LTC may be amorphous
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carbon around 400 cm™, which has a decrease in intensity after the burnoff at 450°C. However,
the total amount of this carbon is much less compared to the HTC carbon.

414 Conclusions

Mixed-metal oxides substituted with metals that are catalytically active for hydrocarbon
reforming demonstrate significantly different surface properties, and catalytic performance over
simple supported metal catalysts. In this study, Rh-substituted pyrochlores with three different
weight loadings (1, 2, or 3 wt% Rh) produced three reduction peaks during a TPR, all of which
occurred at much higher temperatures than the single reduction peak of a simple Rh metal
deposited on a support. Increasing the level of Rh substitution from 0 to 3 wt% lead to the
formation and growth of the lowest temperature reduction peak. It is proposed that higher
substitution levels lead to secondary oxide phases, supported by the XRD spectra. At high
enough Rh loading, large clusters of unsubstituted rhodium oxides can form, which would
perform more like a simple supported catalyst.

These observations lead to the consideration that carbon deposition on the three reducible sites
during reaction could also impact the catalytic performance differently than with a pure metallic
site on a support. Therefore, POX of TD followed by TPO of the pyrochlore catalysts were
conducted to study the type and quantity of the low temperature carbon (T <460°C) deposited on
the catalyst surface. Three temperature burn-off peaks were observed in this region for each
substituted catalyst, and all were attributed to carbon deposited on Rh sites. Two high
temperature burn-off peaks (T >460°C) were observed for all catalysts, and were attributed to
stable, graphitic carbon deposited on the inert surfaces of the catalyst and/or the inert bed
material in the reactor.

Ultimately, it was observed that carbon did not accumulate on the catalytically active sites;
however, the more stable carbon that burned off at relatively high temperatures did increase with
TOS. This result is consistent with previous studies with supported metal catalysts, where carbon
accumulated only on the support, and not on the deposited metal sights. However, this similarity
does not identify how carbon accumulating on a substituted oxide surface differs from a simple
oxide support, and whether or not this accumulation ultimately leads to catalyst deactivation. A
follow up study could focus on the accumulating carbon on the same Rh-substituted pyrochlore
for extended reaction times, and TPO to higher temperatures. Further recommended studies
include studying how different dopants in the A- and B-sites of a pyrochlore impact the
deposition of the high-temperature carbon. Finally, the addition of an oxygen-conducting phase
to the pyrochlore catalyst should be examined for its impact on carbon deposition as well.
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4.2 High-Temperature Carbon

42.1 Introduction

Two types of carbon were identified in the study presented in Section 4.1: low-temperature
carbon (LTC), and high-temperature carbon (HTC). The results and discussion in 4.1 focused on
the LTC, defined as carbon that burns off under TPO conditions (described in 4.1.2.5) at a peak
temperature below 550°C. This carbon was observed to reach a steady state level within two
hours of POX of TD at an O/C = 1.25. It was proposed that this type of carbon was associated
with the substituted Rh sites in the pyrochlore structure, and was not responsible for catalyst
performance degradation.

The HTC burned off under TPO above 550°C, and was characterized as less reactive carbon
deposited on the pyrochlore surface and/or the inert bed material (silica sand) and reactor
surfaces. This type of carbon was observed to begin accumulating over time, and is expected to
lead to catalyst deactivation. The accumulation of HTC during POX of TD is the focus of this
study. The data collected will be used to produce an empirical carbon formation model. This
model will be discussed and applied to a second data set with the same catalyst under different
reaction conditions.

4.2.2 Experimental Methods

The experimental methods for this section are the same as in Section 4.1.2, with the following
exceptions:

1. Since the catalysts tested for the HTC formation are the same samples as were used for
the LTC study, these samples were not re-characterized (i.e. the characterization
presented in Section 4.1.3 applies to this section as well).

2. The oxygen-to-carbon ratio (O/C) was varied to 1.1 in the second part of this study for
testing the model produced from the first data set (O/C = 1.25).

3. All TPO’s in this study were conducted at 0.5 °C/min.

4. Post-reaction characterization of the deposited carbon on the spent samples by Raman
spectroscopy was not part of this study.

4.2.3 Results and Discussion

4.2.3.1 Experimental Data for Model

Figure 4-8 displays the TPO plots for the LCZR2Y catalyst after POX of TD (O/C = 1.25) tests
conducted for 2, 4, 18, 46, and 77 h. Under these conditions, no decline in product yields was
observed. It is clear that the HTC increases with TOS. Integration of these curves produces the
values presented in Table 4-5. The total bed carbon (TBC) is presented first and is the total
quantity of all carbon deposited on all surfaces in the reactor. The LTC and HTC were calculated
by integrating their respective peaks separately and are presented in the second and third
columns. Consistent with the results reported in the previous study (Section 4.1) the LTC reaches
a steady state early in the test, with accumulation occurring only for the HTC.
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Figure 4-8 TPO profiles of LCZR2Y after POX of TD (O/C = 1.25) at various TOS.

Table 4-5 Carbon Calculated from TPO for LCZR2Y After POX of TD at Different TOS: O/C = 1.25.

Time (h) TBC LTC HTC
(MQ/Yeat) (Mg/Ycat) (Mg/geat)
0 0 0 0
2 56 31 25
4 96 31 65
18 238 41 196
46 331 31 300
77 475 23 452

4.2.3.2

The carbon formation on the pyrochlore catalyst under POX of TD can be expressed by the
following:

Empirical Carbon Formation Model

dt ot ot

(4-1)

Since the low temperature carbon formed on the Rh sites rapidly reaches a steady state, the first
term can be set to zero and the carbon accumulation is simply the following:
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dC _ 0Cur (+-2)
dt ot

This term will be determined experimentally from the measured quantity of deposited carbon

during TPO of each catalyst after various TOS. The HTC data presented in Table 4-5 was used to

generate the plot in Figure 4-9. OriginPro software was used to generate an exponential

expression that will be used as the carbon formation model. The expression fitted to the data is
the following:

CHT S CO + Alekt (4‘3)

where Cyr is the total mass of HTC, C, is the mass of HTC as time approaches infinity, A; IS the
pre-exponential factor, k is the carbon formation rate constant, and t is the TOS.

The results of the data fitting to the above equation are presented in Table 4-6. The results
produce the following expression:

Cyr = 590.79 — 577.39¢(~0-01739)t (4-4)
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Figure 4-9 Fitting of HTC formation data to produce predictive mathematical expression.
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Table 4-6 Results of data fitting parameters.

Parameter Value
Co, Mg 590.79
A, mg -577.39

t;, h -57.51
k, h* -0.01739

4.2.3.3 Model Testing on New Data Set

The expression developed in the previous section was used to predict carbon formation for a
different set of CPOX experiments with one difference in conditions. For these tests the O/C was
decreased from 1.25 to 1.1, which should favor a much more rapid formation of carbon
deposition. Other than this variable, the CPOX and TPO methods were the same.

The approach of testing the model is to input one experimental result to generate a new
expression and compare its prediction to the measured results at various TOS. Figure 4-10 shows
the TPO results for four different TOS after CPOX under the new reaction conditions. The
calculated carbon deposition is summarized in Table 4-7.

The data measured at 4 h can be put into Equation 4-3 to calculate a new expression as follows:

242 = 590.79 — 577.39¢*®)
to obtain a new k = -1.366499.

The new expression can be used to predict the HTC formed in another test and compared to real
data. For this, a test of 18 h was selected. According to the model, the quantity of HTC produced
should be 590 mg/gca. After running the reaction test and TPO, the measured quantity of HTC
was 604 mg/gcat. This result suggests that the model is a good fit to the data, and for predicting
data even under different reaction conditions.

424 Conclusions

The HTC deposited on LCZR2Y catalyst during POX of TD (O/C = 1.25) at different TOS was
determined from TPO after each reaction test. This data was used to produce an exponential
mathematical expression to compare to experimental data generated in a different set of
conditions. POX of TD was repeated over the same catalyst using an O/C = 1.1. The HTC
measured from the 4 h test was used to calculate a new constant in the exponential expression.
The new expression was used to predict the formation of HTC under the new reaction conditions
for 18 h. The predicted result was within 2.4% of the measured value, demonstrating the
potential value of such a tool. Additional testing for other catalyst formulations and reaction
conditions will be need for broader application of the model as a predictive tool for catalyst
performance.
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Figure 4-10 TPO profiles for LCZR2Y catalyst after POX of TD (O/C = 1.1) at various TOS.

Table 4-7 Carbon calculated from TPO for LCZR2Y After POX of TD at Different TOS: O/C = 1.25

. TBC LTC HTC
Tme® | (molgea) | (MQ/Gea) | (MO/Gear)
0 0 0 0
1 115 21 94
2 154 31 123
3 202 31 171
4 269 27 242

103



5 Summary and Conclusions

The objectives of this dissertation were twofold: (1) study the effect of oxygen-conducting
support (OCS) oxides on partially substituted mixed-metal oxide (MMO) catalysts for the partial
oxidation (POX) of hydrocarbon fuels, and (2) examine the segmented catalyst bed approach
using different configurations of the MMO catalysts for POX of the same fuel. Formation of
excess carbon deposits was the primary cause of catalyst deactivation, and was therefore the
focus of the experiments for both objectives. Indeed, the approaches taken in both objectives
were specifically chosen to mitigate carbon deposition. The final aspect of this work was to
examine and characterize the carbon deposition during reaction for one of the selected MMO
catalysts. The main goals of the carbon study were to determine the quantity and location of the
carbon deposits on the catalyst surface leading to deactivation, and to develop a mathematic
expression to predict the rate of deactivating carbon formation.

For Objective 1, two active MMO catalysts were selected: a nickel-substituted barium
hexaaluminate (BNHA), with the formula BaAl;16Nig 40155, and a Rh-substituted lanthanum
zirconate pyrochlore (LCZRY) with the formula La; ggCag 11Zr1.75-xRhxYo.25 (X = 0.05, 0.11, and
0.16). Substituting the catalytic metals into the hexaaluminate or pyrochlore crystal structure
provides thermal stability, resistance to deactivation from sulfur contaminants in the fuel, and in
the case of the pyrochlore, reduction in carbon deposition. To improve the carbon resistance
these catalysts were combined with doped ceria materials, which contain oxygen storage and
conducting properties. These OCS materials were gadolinium-doped ceria (GDC) and
zirconium-doped ceria (ZDC). The active catalyst phases were combined with the OCS in
different ratios and using different synthesis routes. The catalysts were characterized using
several different techniques (ICP, BET, XRD, SEM, TPR, H,PC) and were tested under POX of
n-tetradecane (TD), a diesel fuel surrogate. The most significant findings were the following:

e The addition of GDC and ZDC to the BNHA catalyst reduced the rate of carbon
deposition, but complete deactivation still occurred within 5 hours of exposure to
common fuel contaminants.

e The optimum ratio of catalyst to OCS is different for different combinations of active
phase and support phase.

e The benefit of the OCS decreased from 10 to 20 wt% loading of the BNHA; 50wt %
loading BNHA performed slightly worse than the bulk BNHA alone.

e The benefit of the OCS increased up to 20 wt% loading of the LCZR catalyst; this
formulation performed for 50 h with no significant decline in activity.

e The catalyst prepared by incipient wetness impregnation (IWI) of the BNHA onto GDC
produced better, and more stable product yields compared to the catalyst prepared by
solid state mixing (SSM).

For Objective 2, several different catalyst formulations (hexaaluminate and pyrochlore) were
used in a segmented bed approach. Two strategies were examined: (1) promote the indirect
reforming mechanism by placing a combustion catalyst in the reactor inlet, followed by a
reforming catalyst, and (2) place catalysts in regions of the reactor that have conditions in which
they are less likely to deactivate. The first approach demonstrated that BNHA can be used in the
reactor inlet to promote combustion with Rh1-PC in the reactor outlet, but the combustion
catalyst should fill less than 50% of the reactor. The second approach showed a benefit in the use
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of a sulfur-tolerant noble metal catalyst in the reactor outlet and that a significant portion of the
carbon formed on the Ni-substituted pyrochlore is located in the last 25% of the catalyst bed.
Similar experiments using alumina foams coated with Ni- and Rh-substituted pyrochlores
confirmed these findings and allowed for the quantification of carbon formation in each segment
of the bed independently.

The carbon formation study was conducted on the 2 wt% Rh-substituted pyrochlore (LCZR2Y).
POX of TD for various run times, followed by temperature programmed oxidation revealed two
different types of carbon deposition in the catalyst bed. The first type of carbon burned off at
relatively low temperature and was labeled low-temperature carbon (LTC); the second type
burned off at higher temperatures and was labeled high-temperature carbon (HTC). The LTC
was observed to reach a steady state level within two hours of reaction, and was determined to
not lead to catalyst deactivation. The HTC continued to accumulate with time on stream. A
mathematical expression was developed to predict the rate of formation of the HTC for a given
set of reaction conditions (O/C = 1.25). This expression was modified from data from a run
under different reaction conditions (O/C = 1.1) for one length of time, and was found to predict
the carbon formation for a different run time within 3%.
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