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Abstract

Multifunctional automotive catalysts provide new opportunities for gasoline and
diesel engines to meet the constantly tightening emissions and fuel economy stan-
dards from various regulatory agencies. Meeting these demands is important not
only for securing industrial compliance but also for improving human health and air
quality. Combining multiple functions into a single catalyst saves design space and
reduces material cost. Here we conduct steady state and transient experiments on
multifunctional catalysts that span the operational range of gasoline and diesel en-
gines including cold start and high-temperature operations in order to reduce NO,
and hydrocarbon (HC) emissions. We investigate first the Three-Way NO, Storage
Catalyst (TWNSC), a concept that combines three-way and NO, storage functional-
ities for optimal performance during high-temperature vehicle operation. A series
of experiments identifies operating conditions that maximize conversion and perfor-
mance for application with a downstream selective catalytic reduction (SCR) cat-
alyst. Second, we characterize new catalysts that address the cold start issue of
modern engines, namely the Lean Hydrocarbon NO, Trap (LHCNT) concept. The
LHCNT is a precious group metal (PGM)-zeolite material that combines low tem-
perature NO, and hydrocarbon storage and catalytic conversion of both species into
a single unit. By conducting transient uptake and release experiments we obtain
useful insight about competitive adsorption, release temperature, conversion activ-
ity, and water impact. We find that hydrocarbon concentration and identity, as well
as PGM content and zeolite geometry can affect NO,/HC uptake and release per-
formance. Findings from single catalyst function experiments are used to evaluate
sequential and dual-layered configurations that improve the overall LHCNT perfor-

mance. The final part of this work investigates the feasibility of modeling such a

iv



catalyst to predict performance and screen new materials. These results provide
guidance for improving catalytic systems in the automotive catalysis industry in or-

der to keep up with emission standards.
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Chapter 1: Introduction

In this dissertation the use of multifunctiional catalysts for NO, and HC emis-
sions control is investigated. Through a combination of systematic experiments and
modeling work, catalysts are evaluated for use in their respective applications and
optimziation strategies are developed. Two types of systems are described here: the
Three-Way NO, Storage Catalyst (TWNSC) and the Lean Hydrocarbon NO, Trap
(LHCNT). While these catalysts exhibit some form of NO, storage and release, the
mechanisms and operating conditions differ significantly. The TWNSC is designed to
trap NO at temperatures above 200°C during a fuel-lean period and release/convert it
during a fuel-rich period. In contrast, the LHCNT is designed to trap NO at temper-
atures below 200°C under a constant lean feed, then release/convert it above 200°C.
Both of these systems are part of a multi-multifunctional catalytic system designed
to minimize NO, and HC emissions for diesel or lean gasoline engines—although the
primary focus of this work is for diesel applications. After a brief review of auto-
motive emission control and a summary of monolith catalyst fundamentals, each of
the two catalysts is introduced. The main body chapters (2-5) of this dissertation
describe the findings of the research. The thesis concludes with a summary of the

research and recommendations for future work.

1.1 Automotive emission control

Before any automotive emission control strategies were enacted by governments
around the world, densely populated, automobile-dependent cities like Los Angeles,
CA, suffered from copious amounts of smog, particularly on hot summer days. The
polluted air led to a number of adverse health effects spanning irritated, watery eyes

and severe respiratory issues. On their own, engines are unable to fully and effi-



ciently convert hydrocarbons to CO9 and HyO, and at the combustion temperatures
NO reacts with Og to generate NO, a smog precursor. As a result, the Clean Air
Act was enacted in 1963 in the United States to regulate air quality, including the
regulation of automotive engine exhaust.! To comply with the regulations, automo-
tive companies developed the catalytic converter, designed to convert these adverse
tailpipe emissions into benign N9, HoO, and CO9, as shown in the following set of

simplified reactions:?

1
CO+502 —>2C02, 1.1)
CyH, +nOg — yCOs + ’2—CH20, (1.2)
and
NOx - 02 +N2. 1.3)

Emissions from the transportation sector still account for up to 67% of total NO,
emissions in the United States, so implementing tighter control strategies and regu-
lations is paramount.®* Fig. 1.1 shows the increasing NO, emissions regulations for
EU standards for both gasoline and diesel vehicles.? Clearly, NO, abatement strate-

gies still need to be developed and refined in order to keep up with these standards.

1.2 Monolith catalysts

Early versions of catalytic converters consisted of Pt pellets that were rudimen-
tary in their ability to catalyze the oxidation of HCs and CO, but they could not cat-
alyze the reduction of NO,. The pellets unfortunately had low surface area resulting
in decreased contact time, and were susceptible to degradation through attrition. To
improve long-term stability and oxidation rates, ceramic honeycomb-shaped mono-
liths were implemented. Monolith catalysts are unique in that they allow for an

applied high surface area (100 m?/g) support to which the active sites are added, and



Bl gasoline
B diesel

Figure 1.1: EU NO, emissions regulations for both gasoline and diesel vehicles. Cur-
rent standards (Euro-6) extend to 2020.

they have lower pressure drop limitations. They are also more economical and prac-
tical in an automotive application, in part due to the ever-increasing demand.® The
washcoat is typically 20-150 um thick and is applied using a dip-coating method.
The monoliths typically used in automotive emission control are made of cordierite,
a ceramic material with very high thermal stability resistant to cracking at high op-
erating temperatures. They are typically extruded from mixtures of clays and other
materials. Monoliths can also be constructed of metal, in which they are produced
by folding thin sheets into specific geometries.” These structures can have varying
channel densities, with typical values ranging from 400-1000 cells/in? (cpsi). Chan-
nels typically have a square geometry, although they can be circular, hexagonal or
triangular, depending on the application. Other parameters that define the honey-
comb include the geometric surface area and the open fraction area, as well as the
hydraulic diameter. The wall thickness is also important in that it determines the
structural integrity of the monolith.®

One of the differences between a monolith catalyst and a powder-loaded packed

bed is the significant decrease in pressure drop, allowing for the testing of high flow



rates without performance issues. However, because of the lack of restricted flow,
it is important to tune the washcoat thickness, catalyst volume, and flow rate (and
resulting space velocity) such that the reactive feed mixture can adequately diffuse
into the washcoat without experiencing diffusion limitations. Mass transfer limita-
tions exist in two areas: diffusion limitation in the waschoat and transverse diffusion
from the fluid phase to the washcoat surface.” Diffusion limitations in the washcoat
are important because the overall reaction rate may be lower that the actual rate
if the diffusion of reactants into the washcoat is too slow. Such limitations need to
be considered for square channel monoliths because most of the washcoat applied to
the channel exists in the corners, as shown in Fig. 1.2. Because of these limitations,
mass transfer coefficient approximations have been developed to describe the mono-
lith channel environment, depending on the geometry. These are further discussed
in the model development section in Chapter 4. Regardless, the use of monolith cat-
alysts brings with it a multitude of operational concerns that need to be considered

when designing catalysts for automotive emission control.

1.3 Three way catalysts

The development of three way catalysts (TWC) is instrumental to the history of
automotive emission control, as it quickly became the standard for use in gasoline
engines. Before the onset of NO, emission control, basic automotive catalysts fo-
cused on oxidizing HC and CO.2 Copper and nickel were first used, but it was soon
discovered that these metals had a very low thermal stability and were susceptible
to poisoning from sulfur and fuel additives.? Platinum group metals were then stud-
ied, and after some experimentation with these metals, manufacturers settled on Pt,
Rh, and Pd as automotive catalysts for CO and HC conversion. ! While was the most
stable, it was also highly sensitive to high temperatures, leading to sintering of the
Pt particles on the catalysts and rapid deactivation. This effect remains a concern in

lean NO, traps and Pt-based catalysts in use today.!! In contrast, Pd was found to
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Washcoat

Cordierite wall

Figure 1.2: SEM image of washcoated monolith channel, figure adapted from Metkar
et al.”

be more stable at high temperatures, and it was observed that rhodium acts as an
ideal NO, reducing metal in a TWC.210

Initial systems used a Pt/Rh catalyst to reduce NO, to Ng before adding air to
the system to oxidize HC and CO using a second catalyst, similar to a modern LNT
+ SCR system.? However, it is rather inefficient and costly to have two catalysts. It
was later observed that a Pt/Rh catalyst could convert all three pollutants efficiently
because of the fluctuating air-to-fuel ratio (AFR) of the engine. These fluctuations
were caused by the inaccuracy and inability of carburetors to maintain a constant
AFR.2 Thus the TWC came to be: a system that uses sensors and feedback control to
supply the correct amount of air to maintain stoichiometric operation, and to achieve
exceptionally high conversion of NO,, CO and unreacted hydrocarbons (HC).1° In

the late 1980s, the main formulation for the TWC metals was Pd/Rh, replacing costly



Pt and still allowing for efficient performance.? However, it was later found that Pd
significantly reduces Rh activity, and the focus shifted to a Pd-only catalyst.'° Pd is
the most abundant and usually the least costly of the precious group metals (PGMs),
and has higher resistance to sintering.'? Its limitations include lower activity for
NO, reduction and sensitivity to sulfur and lead poisoning.1? A layered catalyst sys-
tem with Pd and Rh has since been developed to reduce these effects and to improve
activity. Moreover, mandated reduction in sulfur levels increase the viability of Pd.°

The next step in improving catalyst performance is incorporation of oxygen stor-
age components to enhance catalytic activity. Ceria (CeO9) was first used for its
ability to trap oxygen during lean operation and release it during the rich phase.?
It is a very important component in automotive catalysis and can be described in
terms of the oxygen storage content (OSC), the amount of oxygen that can be stored
in the system.!? CeOy also promotes the activity of the water gas shift (WGS) and
steam reforming reactions, both of which improve CO and HC conversion. 314 It was
recently found that zirconia and alumina increase OSC in the catalyst and increase
the thermal stability of CeOs.1° Three-way catalysts containing CeOs are still widely

used today in gasoline vehicles.

1.4 LNT + SCR catalysts

While TWCs are practical for gasoline vehicles, they are not appropriate for diesel
or lean-burn gasoline engine systems, primarily due to a limited operating window
(air/fuel ratio). In addition, a large excess of Og in the exhaust prevents a standard
TWC from converting NO, to No. Excess O9, besides that which is stored on CeOo,
is more likely to bind to the metallic surface of the catalyst than NO, hindering ad-
sorption of NO. For these lean systems, it is more appropriate to use either a Lean
NO, Trap (LNT) or a Selective Catalytic Reduction (SCR) catalyst.2 There has been
extensive research on LNT catalysts in the past decade, particularly due to their

potential for eliminating the need for urea injection in a downstream SCR. 519
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In the LNT, NO, is trapped during lean operating conditions and reduced to less
harmful or more useful species during the rich regeneration period.2? In an ideal
LNT, the system should be able to reach a steady state of lean and rich cycles in
which the amount of NO, stored equals the consumption.?! Effective NO, trapping
requires Pt and alkaline earth metals such as Ba. The Ba acts as the main storage
component for NO,, while the Pt is necessary for bridging the gap between free NO
and trapped NO.2%2! In order for the NO, trap to work effectively, NO in the exhaust
is first oxidized to NOy, the main function of Pt during the NO, trapping phase.??
This oxidation is most effective between 200 and 350 °C, a window outside of which
kinetic and thermodynamic limitations occur.?? Once the Pt converts NO to NOy, the
NO; can more easily be trapped on the catalyst surface, more specifically by binding
to the Ba sites in the form of barium nitrates and nitrites. Many previous works
have explained the mechanism through which NO, adsorbs to the catalyst surface,
namely the nitrate route and the nitrate route.?? In the nitrite route, NO stores on
BaO; to form nitrites, which are then oxidized to nitrates as in the following overall
reaction:

BaO +2NO +1.509 — Ba(NO3)s. (1.4)

With the nitrate route, NO is oxidized to NOg on Pt, but then undergoes dispropor-
tionation on Ba sites, where one molecule of NO is released for every three molecules

of NOg consumed, as shown in the following reaction:

BaO + 3N02 — Ba(N03)2 +NO. 1.5)

A study by Epling et al. provides evidence for the possibility of two types of NO,
adsorption sites on an LNT, namely sites close to the Pt that undergo the nitrite
pathway and sites farther away that proceed with disproportionation. 24

During the subsequent rich phase, the stored NO, is released to form Ny, N2O



and NHj. This regeneration step also reduces Pt oxide back to Pt metal, sustaining
the activity of CO and HC conversion during the lean phase.?? Various studies detail
the interaction between the precious metal and stored nitrates or nitrites on the
surface. The nearby nitrates and nitrites decompose in a reverse spillover process
that effectively leads to NO bound to the Pt surface before being released in the rich
phase. 1520 In addition to this chemistry, at high temperatures HoO can react with
CO or HC to form additional Hs, which can improve selectivity to NHg.13-20,25
Typical components of an LNT catalyst include precious metals such as Pt and Rh
and O9/NO, storing materials such as CeOg9 or barium oxide and analogues. Specif-
ically, CeO2 and Ba have been shown to increase the overall performance of a NO,
storage catalyst. Jacobs et al. reported in a study on low temperature water gas
shift that CeOgq is very good at promoting the formation of Hy from water gas shift
and steam reforming, further promoting the formation of NHj.1%26 In an extensive
study by Kwak et al., CeO9 improves NO, storage when used as a support for a Pt/Ba
catalyst and increases resistance to sulfur poisoning compared to alumina.2? CeOy
also increases thermal stability of a Pt-based catalyst.2® Many studies have been
performed on the positive effect of Barium and other alkaline earth metals on a NO,
storage catalyst, such as a 2002 study by Nova et al.?? In this work, it was shown
that NO, is stored on various forms of Ba including, BaO, BaCO3 and Ba(OH)s. In
the presence of COg, the ubiquitous coombustion product, the main species present
is BaCOg, which leads to an increased formation of CO9 and thus a decrease in NO,,
storage.242930 When available, NO will more readily adsorb on PdO via the path-
ways previously described above; other studies explain the similar adsorption of NO
on BaC0s.293! Such is the current behavior of an LNT, where many studies have
been done to fine-tune engine operation for certain applications, including producing

NHj; for a downstream SCR.17:32

The Selective Catalyst Reduction (SCR) catalyst is one of the most widely used



systems for diesel NO, abatement and control. Here we provide a brief overview and
describe its use in combination with an upstream LNT or TWC. In addition to LNT
characterization and model development, many studies have been done to fine tune
engine operation for certain applications, including producing NHj for a downstream
SCR. 1732 In an SCR, unreacted NO, combines with NH3 and Oz to form Ny and HsO,
mainly over zeolite catalysts via three main pathways: standard (NHg, NO and Oy);
slow (NH;3 + Os); and fast (NHs + NO + NOy).33 It is important to understand the
effect of the reductant on SCR performance, as some amounts of CO, HC or Hg will
make their way into the SCR upon exiting the upstream oxidation catalyst. A recent
study by Zgeng et al. concerning the effect of reductant over a Cu-chabazite SCR
catalyst shows that all three of CO, Hy and C3Hg promote NOs reduction to NO,
with C3Hg leading to the highest increase in NO, conversion. It was also found that
there is no competition for adsorption between reductants and NHs, which allows for

effective use of an SCR even with reductant slip from the LNT. 34

1.5 The three way NO, storage catalyst (TWNSC)

Besides the increasingly stringent NO, emission standards, fuel economy im-
provements are also a necessity. The Three Way NO, Storage catalyst combines the
functionality of a TWC (conversion of CO, HC, and NO) with that of the NO, storage
catalyst (cyclic operation to achieve high NO, reduction). One preliminary study on
using a TWC+SCR system determined that all of the NH3 produced for the SCR is
generated during the rich phase, implying the importance of finding the right bal-
ance between cycle time and conversion or selectivity.3? A recent work by DiGiulio et
al. looked at a wide range of TWC materials for the possibility of generating NHs, a
system termed passive-ammonia SCR.3% Four catalyst systems were examined, one
of which was an LNT catalyst operating as a TWC. From the results of that study, the
LNT behaving as a TWC led to good performance for generating ammonia, and it was

determined that adding a NO, storage component to a TWC can lower the duration
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of the rich period and increase fuel economy, akin to the goals of this work. One of the
main concerns, however was the decreased conversion of CO at low catalyst temper-
atures, an effect that must be addressed in future studies.3® Unlike the TWC+SCR
system, the TWNSC has much more operation control in that the cycling frequencies
can be tuned to obtain various optimized performance metrics. For example, in order
to achieve high Ny yields in a downstream SCR system, it is important to maximize
the ratio of NHj3 in the feed composition to the amount of NO, produced during a
lean-rich cycle (ANR). By tuning the operating conditions we can maximize the ANR
and other performance metrics. Through a highly systematic set of experiments, we

report these findings in Chapter 3.

1.6 Lean hydrocarbon NO, trap

The TWNSC is a promising tool for use with a downstream SCR in that it can
achieve high conversion of CO, HC, and NO,, while maintaining an overall lean
enivronment in the system (i.e., a net lean feed). However, this catalyst, like the
simpler TWC or LNT, is only effective at operating temperatures above 200°C. Ad-
vancements in diesel engine technology allow for leaner operation of engines at lower
temperatures, which increase fuel economy. However, these conditions lead to in-
creased NO, emissions. Additionally, below 200°C, the engine emits high levels of
unburnt HCs. Therefore we investigate the use of zeolite-based materials to design
a catalyst that can trap these harmful species during cold start and release them
during warm-up. In addition, this catalyst should be able to aid in oxidizing CO/HC
or reducing NO, at higher temperatures, while also being stable enough to be used
over many cold start cycles. In the following subsections we address the various com-
ponents of the Lean Hydrocarbon NO, Trap (LHCNT), namely a zeolite support, a

hydrocarbon trap, and a NO, trap.
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1.6.1 Introduction to zeolites

The primary support for the LHCNT is a zeolite structure, of which various types
have been of interest. Zeolites have been used in many selective catalytic systems
due to their well defined pore structures that enable selective adsorption of hydro-
carbons, both in the liquid and gas phases.3"#? Zeolites are nanoporous crystalline
materials made of an aluminosilicate backbone. The chemical structure consists of
interconnected TO4 tetrahedra, where T is usually either Si or Al. A zeolite is de-
fined by its three letter code (e.g., BEA, MFI, CHA) and its Si:Al ratio (SAR), which
describes the acidity. The higher the SAR, the more siliceous the zeolite is, and
therefore more hydrophobic. Zeolites of this type are useful for their selective uptake
of molecules through Van der Waals interactions.*® Zeolites with a lower SAR are
more acidic and hydrophilic, and the high number of exchange sites allows for ion-
exchange capabilities with various metals (e.g., Ag, Cu, Pd, or Na).** Fig. 1.3 shows
the generalized aluminosilicate molecular composition of a zeolite. The location of
the aluminum atom generates a Bronsted acid site (BAS), which has the ability of
being protonated as shown, or exchanged with a metal ion. With the respect to the
LHCNT, highly acidic (low SAR) zeolites in the form of BEA, ZSM-5 (MFI), or SSZ-13
(CHA) are of interest. Fig. 1.4 depicts the [100] projection of a 3D structure of each

morphology. 4
H+ H+
O /o\A O g\(o\l /O\,Al O Q/o
0o b 00 0b 00 0O

Figure 1.3: Zeolite molecular structure.

BEA zeolite is the largest of the three zeolites, comprising 12-membered rings
that can trap molecules as large as tetraethylammonium. The structure also con-

tains smaller 4 and 5-member rings. The large, linear channels have a pore opening

11



Figure 1.4: Zeolite framework images of the [100] surface for BEA, MFI, and CHA.

that is 5.7 x 7.5 A.%6 ZSM-5 is a smaller pore zeolite than BEA, consisting of 10-
membered rings composed of smaller 5-membered rings, forming a pentasil unit.
Each of the vertices consists of either Al or Si, and O is bonded between them to form
the rings. A series of these rings forms a straight channel with dimensions of 4.5-
4.7 A.47 SSZ-13 has the smallest pore size compared to the other two frameworks.
It consists of 8-membered rings with a pore size of only 3.8 A.*8 Tts structure can be
described as a sinusoidal network of 8-membered rings. SSZ-13 is particularly useful
in automotive catalysis due its high hydrothermal stability. It has been extensively
studied as a support material for SCR catalysts, namely with Cu or Fe exchanged

acid sites. ?:33:49-51

1.6.2 Hydrocarbons traps

The LHCNT functions are a combination of the hydrocarbon trap (HCT) and the
passive NO, adsorber (PNA). Typical diesel engine exhaust contains small olefins
(C9-C4), aromatics, and long-chain alkanes (Cg,), all of which need to be trapped
during cold-start.?? Investigation of various zeolites has led to many developments

of the hydrocarbon trap. Li et al.??

performed a series of adsorption and desorp-
tion experiments on a vareity of zeolites including H-BEA-40, H-ZSM-5, and USY,
and found that the acidity of the zeolite is important for trapping small olefins. It
was also found that ZSM-5 and BEA zeolites had higher desorption temperatures

than the Y zeolites tested, which is beneficial in the context of cold start emissions.

12



In the work by Lopez et al., a number of zeolite-type materials including silicoalu-
minuphosphates such as SAPO-5 and SAPO-41 were investigated for their ability to
trap propylene for cold start emissions.?* It was found that BEA is ideal for trapping
propylene over the other catalysts, likely because of its larger pore size. A study by
Migliardini found that because of its smaller pore size compared to BEA, ZSM-5 is
able to trap small olefins like ethylene, whereas large zeolites could not. The study
also found a maximum in the adsorption temperature of certain hydrocarbons. For
example, isobutene experiences a maximum adsorption at 413 K on HZSM-5. This is
an interesting result when discussing the use of zeolites for low temperate uptake,
as some materials may be better than others at various temperatures.>®

The presence of water in the exhaust feed is unavoidable, and its effects on HCT's
needs to be addressed. In a study by Otto et al., it was found that even by using a
hydrophilic material such as silicalite, adsorption of hydrocarbons in the presence
of water is inhibited.?® They argue that the concentration of water in the exhaust
feed is much greater than the concentration of hydrocarbons, so even if the nature
of the material preferentially adsorbs the hydrocarbons, a large fraction of the total
adsorption capacity will consist of water. The amount of catalyst required to adsorb
enough hydrocarbon in the presence of water is therefore too large to be practical.
A similar study by Burke et al. found an inhibiting effect of water on the uptake of
propylene and toluene on various forms of BEA.?” However, a recent study by Zelin-
sky determined that the presence of water does not impact the adsorption of larger
hydrocarbons on BEA, such n-Ci9Hyg, suggesting that the size of the hydrocarbon
and the mechansim of adsorption also plays a role in determining the extent of in-
hibition by water.5® In the work reported in later chapters we examine the effect of
water on propylene and dodecane uptake on various LHCNT materials, which leads

to some promising results.
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1.6.3 NO, adsorbers

The second component of the LHCNT is the Passive NO, Adsorber, or PNA. Like
the HCT, it is designed to trap NO at low temperature and release it above 200°C to
a downstream oxidation catalyst or SCR. The reactivity of NO has led to a number of
findings regarding the efficacy of zeolites to adsorb NO. Recent work by Ambast et al.
found that unexchanged zeolites in the absence of water adsorb very high amounts
of NO (more detail in Chapters 3 and 5).%? However in the presence of water it was
found that practically all of the NO uptake was reduced to zero, suggesting complete
inhibition of NO adsorption on the BAS.

In a pioneering study by Chen et al., it was found that Pd-exchanged zeolites such
as BEA, MFI, and CHA adsorb NO even in the presence of water.%0 This develop-
ment led to considerable interest in the automotive catalysis community, with many
groups seeking to further investigate the use of these materials and to understand

the uptake mechanism.6%-61

Chen et al. suggested that the main reason for NO ad-
sorption is that highly dispersed Pd cations exchanged with the protonated acid sites
of the zeolites can strongly adsorb one molecule of NO.%0 A number of studies since
then suggest that the mechanism is highly complex, although it is clear that isolated
Pd cations certainly improve NO uptake.®? More details of the potential adsorption
mechanistic pathways are described in Chapter 3. In contrast, agglomeration of Pd
cations into PdO nanoparticles leads to a loss of NO uptake.%® This deactivation
mechanism occurs in the presence of prolonged CO exposure and in possibly more
rapidly in larger pore zeolites. While CO does ultimately deactivte the catalyst, it
can serve as a protective barrier towards H2O inhibition, which can not only block
adsorption on the acid sites but also on the Pd cations.®* Some studies suggest that
CO, and potentially other small reductants such as ethylene, can form a complex

with NO on Pd that blocks H20.%% The oxidation state of Pd is highly dependent on

the zeolite framework, acidity, and pretreatment conditions, and each form of Pd can
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store NO at varying bind strengths. For example, Pd in a 2+ oxidation state may
exist as isolated [Pd-OH]*Z™ or as "naked" Pd in the form of Z~"PdZ~, where Z~ rep-
resents the [Si-O-Al]~ exchange site.%? The probability of Pd occurring as the single
isolated form versus the "naked" form depends on the number of available exchange
sites and their proximity. In BEA for example, it is believed that isolated Pd is the
primary form due to the large pores that limit the existence of nearby exchange sites.
In contrast, smaller pore zeolites like SSZ-13 will form more "naked" sites due to the
close proximity of the exchange sites in the small pores.

The catalyst preparation method also plays a role in achieving high adsorption of
NO. A recent report by Khivantsev et al. describes a new synthesis method that can
achieve nearly 100% dispersion of Pd cations of up to 2 wt.% on SSZ-13.%7 In con-
trast, older work suggests that less than 1wt% is ideal for maximizing NO uptake
and preventing deactivation.%3%8 As such, there is a significant amount of research
being conducted on NO adsorption on these materials, including experimental and
theoretical (DFT) work. However, the focus of this portion of the dissertation is not
to investigate the details of a newly proposed reaction mechanism. Rather the aim is
to characterize the performance of various LHCNT materials. In other words, mate-
rials that can not only trap NO but also HCs, and potentially oxidize them at higher
temperatures. This significantly complicates the fundamental nature of the mecha-
nism, introducing a number of coupling effects between the HCs and NO. Through a
combination of experiments and modeling work in Chapters 3-5, we report the per-
formance of both single and mixed catalsyt architectures as LHCNT materials under

practical conditions.

1.7 Research objectives and outline

The overall objective of this work is to study the performance of multi-functional
catalysts that can trap and convert adverse emission components including NO, CO,

and HCs. First, the Three-Way NO, Storage Catalyst is investigated with the aim
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of improving fuel economy and reducing NO,, emissions while maintaining high oxi-
dation activity of CO and HCs. Second, the use of the Lean Hydrocarbon NO, Trap
was investigated, a multi-functional material that can trap NO and HCs at low tem-
perature and release or convert them at higher temperatures. Together, these two
catalysts span a range of operating conditions of an after-treatment system, with
both of the catalysts potentially serving to work in tandem with a downstream cata-
lyst such as an SCR. Through a combination of systematic experiments and modeling

work, we aim to achieve the following objectives:

1. Conduct steady state and cycling experiments on a commercially supplied

TWNSC to characterize the performance in a variety of operating conditions

2. Understand details of the reaction network of the TWNSC based on experimen-

tal observations

3. Design and implement an optimization strategy of the TWNSC reactor system
in order to achieve optimal conversion and yield for a specified set of operating
conditions, with emphasis on NHg generation for use with a downstream SCR,

as well as maintaining as net-lean an environment as possible

4. Investigate the use of PdA/BEA as a model LHCNT catalyst through a number

of systematic adsorption and desorption experiments

5. Conduct DRIFTS measurements to identify surface species during combined
exposure of NO and C3Hg that may elucidate part of the complex LHCNT mech-

anism

6. Develop a deeper understanding of the LHCNT and implement design strate-

gies to improve performance

7. Expand on the findings of the LHCNT research by building a nonisothermal
model to predict and explain the behavior of the PA/BEA LHCNT
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8. Investigate the use of potential LHCNT materials for use in a multi-component

system that can further improve NO and HC uptake in the presence of HyO

9. Determine optimal operating strategies for both dual-layered and sequential
configurations of the LHCNT for use with a downstream SCR or other oxidation

catalyst
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Chapter 2: Steady state and lean-rich cycling of a
three-way NO, storage catalyst: experiments

The following chapter was published as Malamis, S. A.; Li, M.; Epling, W. S,;
Harold, M. P. Steady state and lean-rich cycling study of a three-way NO, storage

catalyst: experiments. Applied Catalysis B: Environmental 2018, 237, 588-602.

2.1 Introduction

Consumer demand for gasoline-powered vehicles spanning passenger cars to
light-duty trucks and SUVs has generally increased over the past 6 years.%? At
the same time, vehicle manufacturers must respond proactively to the increasingly
stringent emission and fuel economy standards through the development of more
efficient and cleaner emitting vehicles.? This requirement has led to increased in-
terest in lean-burn engines, which are typically more fuel efficient than their more
conventional stoichiometric counterparts. Dual mode engine operation affords a com-
bination of lean-burn and stoichiometric combustion with transitions between each
depending on driving conditions and power needs.’® Stoichiometric gasoline vehi-
cles are equipped with three-way catalysts (TWCs) to simultaneously eliminate CO,
HCs, and NO,. Fig. 2.1 shows the narrow air-to-fuel ratio window wherein TWCs
are efficient in removing CO/hydrocarbons as well as NO,. Outside of this window,
conversion of reductants (CO, HCs) is difficult under rich conditions and conversion
of NO, is a challenge under lean conditions.? Fuel-lean operation results in excess
(unreacted) Og in the exhaust gas. As a result, whereas the net oxidizing exhaust
enables the straightforward oxidation of partial combustion exhaust species CO and
hyd,ocarbons (HCs), the catalytic reduction of NO, (NO + NOy) is more difficult. 172

Overall, TWCs are ineffective for the reduction of NO, in diesel or lean-burn gasoline
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Figure 2.1: Operating a TWC to the left or right of the operating window leads to
significant performance loss.

vehicle exhaust.

Considerable progress in reducing NO, from diesel and lean burn gasoline vehi-
cles has been made in recent years. NO, storage and reduction (NSR) and selective
catalytic reduction (SCR) catalysts have been developed and commercialized.? NSR
is a cyclic process wherein NO,, is trapped during fuel-lean operating conditions and
reduced to benign (Ng), less harmful (COg2, NoO), or more useful species (NHgs; see
below) during a fuel-rich regeneration period.?° Lean NO, trap catalysts require a
combination of oxidation, reduction, and NO, storage functionalities. Precious met-
als provide the first two functions, while oxides of alkaline earth metals provide the
latter.2! The basic LNT material contains BaO and Pt, with the former serving as
the NO, storage material, and the latter providing catalytic sites for NO oxidation
and NO, reduction.?%?! Many previous studies have explored the NSR mechanism
through which NO, is stored on the catalyst surface, i.e., the nitrite and nitrate
routes.?? Epling et al. provided evidence for two types of sites for NO, adsorption,

namely sites close to Pt that undergo the nitrite pathway, with subsequent oxidation
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to nitrates, and sites farther away where nitrates form via disproportionation.2* Ku-
mar et al. showed that the two populations of sites are a manifestation of stored NO,
diffusion limitations. 8

During the subsequent rich phase or regeneration step, the stored NO, is re-
leased and reduced leading to the mixture of the aforementioned N-containing prod-
ucts No, NoO and NH3. Various studies detail the interaction between the precious
metal and stored nitrates or nitrites on the surface, namely the reverse spillover
process, in which “proximal” nitrates and nitrites decompose, leading to NO that is
catalytically converted to No on the Pt.1>2! In addition to this chemistry, at high
temperatures HoO can react with CO or HC to form Hs, which results in higher se-
lectivity to NHs. 132125 Furthermore, the presence of Hy on the Pt surface during this
phase leads to Hy dissociation that can reduce nearby NO species through a “forward
spillover” process.”®

In contrast to NSR, selective catalytic reduction (SCR) requires the deliberate
injection of NHg into or formation of NHg in the exhaust system; the latter is typically
accomplished by the thermal conversion of aqueous urea.’* Exhaust NO, combines
with NH3 and Og to form N9 and HyO, mainly over zeolite catalysts via three main
pathways: standard SCR (NH3 + NO + Og); NOg SCR (NH3 + NOg); and fast SCR
(NH3 + NO + NOy).

In recent years there has been increased interest in combining NSR and SCR
technologies. 3?75 One such application involves designing the NSR catalyst to gen-
erate NH; for a downstream SCR catalyst.3? The main advantage of this approach
is that an external source of NHg is not needed, while the main disadvantage is that
periodic operation is required. One of the key metrics used to understand and opti-
mize SCR behavior is the ratio of NHs produced to NO, slipped from the upstream
NSR catalyst (Ammonia-to-NO, ratio, ANR).19:32,74,76

To remove NO, from the exhaust gas and still operate the engine with a higher
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air to fuel ratio than the TWC, the concept of combining the TWC with NO, storage
functionality was first proposed by Ikeda et al. as the three-way NO, storage and
reduction catalyst (TWNSC).”” While the TWNSC is generally applied to lean gaso-
line engine emission control, it serves a similar role as that of the sequence of the
diesel oxidation catalyst (DOC) + LNT encountered in diesel emission control. Un-
like the DOC + LNT, which operates with sustained lean-rich cycling, the TWNSC
serves to trap NO, during the lean acceleration modes and to regenerate during
coast/deceleration modes of engine operation. The challenge is to achieve a balance
between the two catalyst functionalities while saving space and cost. As one might
expect, there are many parameters involved in achieving or even optimizing this
balance, such as the total cycle time, the fraction of the cycle that the engine is in
regeneration mode, etc.?! Performance metrics would certainly include conversion of
NO,, CO, and HC, and the selectivity to N2, NoO, and NHs.

Recent experimental studies provide important insight about the modified TWC.
The study by Theis et al. of a TWC+SCR system showed that all of the NHg was
produced during the rich phase, implying the importance of finding the right bal-
ance between cycle time and conversion or selectivity.3® DiGiulio et al. characterized
different TWCs and their comparative abilities in generating NH3 for use in a down-
stream SCR, a system referred to as passive-ammonia SCR.3% In their work, four
catalyst systems were examined, one of which was an NSR catalyst operating as a
TWC. The study showed that the periodic operation expectedly generates NHs and
the addition of a NO, storage component to a TWC lowers the required duration of
the rich period while increasing the fuel economy. One of the main drawbacks is
the decreased CO conversion at low catalyst temperatures; an effect that must be
addressed in future studies. 3¢

The objective of this study is to systematically evaluate the performance of a

commercial TWNSC under a range of cycling protocols. Specific attention is placed
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on the impacts of operating parameters on conversion and product distribution. The
data are interpreted in terms of the anticipated application, be it a standalone unit
intended to maximize the NO, conversion and Ny selectivity or a TWNSC + SCR
tandem unit in which the intent is to shift up to half of the NO, conversion to the
downstream SCR. Conditions are identified that lead to the best performance for
each application. Where possible, the performance trends are interpreted from the
standpoint of known TWC and NSR features. The TWNSC is meant to operate once
the vehicle has warmed up to allow sufficient activity of the emission catalyst. In
principle, the TWNSC could be modified to enable low temperature HC and NO,
trapping. While not a focus of the current study, similar catalytic objectives are

discussed in later chapters.

2.2 Experimental

2.2.1 TWNSC experimental setup

Both steady state and cycling experiments for the TWNSC work were conducted
in a horizontal quartz tube reactor equipped with MKS mass flow controllers capable
of flowing Ar, COq, Kr, CO, NO, C3Hg, Hg, and NO. The feed streams to the reactor
tube consist of a main stream, used for COy and Ar, and two additional streams,
one rich and one lean. The lean stream represents the oxygenated feed and contains
lean species such as NO and Oy, while the rich stream contains all of the reductants
including CO, C3Hg and Hy. The flow between the lean and rich streams is controlled
by an electromagnetic 4-way actuator valve connected to the LabView software. A
fourth stream containing carrier Ar and HsO, vaporized through heated lines and
pumped into the system using an ISCO pump, is located near the inlet of the reactor.
All of the lines were subsequently wrapped with heating tape and maintained at
180°C throughout operation to prevent condensation.

Data analysis was conducted using a Fisher-Scientific (Thermo-Nicolet) FT-IR
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that analyzed the concentration of the effluent. Three type K thermocouples were
used to monitor the temperatures within the system. One was placed 0.5 cm up-
stream of the catalyst (T;,;.:); one was placed in the radial and axial center of the
catalyst (T.4:); and one was placed 0.5 cm downstream (T,,;). Before starting any
experiments, all mass flow controllers were calibrated for accurate flow rate agree-
ment between the LabView software and the MFCs. FT-IR data was processed using
OMNIC software. All of the potential species to be analyzed by the FT-IR were cali-
brated and correction factors where obtained for a practical range of concentrations
for use in data handling, which was practiced using a combination of Microsoft Ex-
cel® and MATLAB. This reactor is also equipped with a Hiden Spaci MS for obtaining
spatio-temporal analyses of the monolith catalyst, some experiments of which were
conducted by Li et al.”® The reactor system was also equipped with a mass spectrom-
eter (Hiden Analytic Ltd., HPR-20), which was used to measure effluent N2 and Ho
concentrations for some LHCNT experiments. Figure 2.2 provides a more detailed

view of the reactor system.
2.2.2 Catalyst characterization

The commercial TWNSC used in this work was received from Fiat Chrysler Auto-
mobiles LLC. (FCA). The commercially supplied catalyst is a mixed catalyst contain-
ing precious group metals (PGM) comprising a mixture of TWC and LNT components
such as barium oxide (for NO, storage), ceria (for Oy storage), and alumina (binder,
support). Table 2.1 provides the ICP-measured mass percentages of the oxide com-
ponents (Ba, Ce, Al, La, and Zr). The precious group metal mass percentage was 1.2
wt.% in a Pd:Pt:Rh ratio of 73:26:1. Samples were cut from a monolith “brick” to 1
cm in diameter and 1.8 cm long. CO chemisorption using a Micromeritics apparatus
gave a PGM metal dispersion of 40% for a fresh sample, before degreening. Because
the ratio of Pd:Pt:Rh in the sample is known, an average value for the stoichiometry

factor was determined in order to calculate the dispersion, which in this case is one.
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Figure 2.2: TWNSC reactor setup.

Table 2.1: Mass percentages of the washcoat oxide components measured by ICP.

Element Al Ba Ce La Pt+ Pd + Rh Zr
wt.% 19.3% 4.7% 9.96% 1.22% 1.16% 8.92%

2.2.3 Operating conditions

One sample was used for all experiments conducted in this work. The sample
was degreened at 700°C for 4h in 10% H0O and 10% COq with a balance of Ar. The
sample was then wrapped in ceramic paper and placed in the horizontal-flow quartz
tube reactor described above. The total flow rate and space velocity for the system
were kept constant at 3000 sccm (standard cm?®/min), which corresponds to a gas
hourly space velocity at standard conditions of 99,000 2~ 1. Inlet and outlet lines
were maintained at 180°C to prevent condensation. Tf..q and T.,; were primarily

used as the reference temperatures for the experiments in this work.
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2.2.4 Steady state experiments

For the steady state experiments, the catalyst was first pretreated with 5% Og,
10% COg, and 7% H20 at 500°C for 20 min. After the pretreatment, the reactor
was purged for 10 min with Ar and cooled to the desired feed temperature, during
which time a steady flow of feed gases was established through the bypass. Once the
reactor temperature was stable, the flow was switched from the bypass to the reactor
and the effluent concentrations were monitored until steady concentrations (+ 2%)
were obtained over a 10 min period. The desired feed temperature was achieved by

adjustment of the furnace temperature.
2.2.5 NO, storage experiments

NO, storage experiments were conducted in the same quartz tube reactor. First,
the catalyst was pretreated in a feed of 2% Hs at the feed temperature for 30 min,
after which the catalyst was purged under Ar for 10 min. During adsorption, a feed
containing 500ppm NO and 5% O2 was introduced to the catalyst until the output
concentration reached steady state (i.e., site saturation). The NO/Og mixture was
then turned off and the catalyst was held at the adsorption temperature until the
outlet concentration of NO, reached zero, eliminating any weakly adsorbed NO, from
the surface. Then the catalyst underwent a temperature-programmed desorption
under Ar at a rate of 10°C/min up to 600°C. This procedure was repeated for a variety

of feed temperatures ranging from 130 to 415 °C.
2.2.6 Lean-rich cycling experiments

In this work, the stoichiometric number is used to characterize the feed composi-

tion, defined by
2C 0yt Cno

Sy = .
CCO +CH2 +9CCgH6

(2.1)

Sy measures the deviation of the catalyst environment from a stoichiometric neutral

feed (S =1). Unless otherwise specified, the feed composition consisted of 1% CO,
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3300 ppm Hg, 500 ppm NO, 10% COs, 7% H50, and a variable concentration of Oy to
achieve a prescribed Sy. When C3Hg was used its concentration was 1000 ppm. The
balance of all mixtures was Ar in order to maintain a constant total feed flowrate or
space velocity.

For the cycling experiments, the same pretreatment was used, followed by a 10
min Ar purge. Instead of establishing a steady flow through the bypass, a steady cy-
cling rate through the bypass was obtained. A pseudo steady state was defined by an
unchanging effluent temporal profile for at least 5 cycles. Once the feed was estab-
lished and the reactor temperature stabilized, the flow was switched to the reactor
tube and effluent concentrations were measured until 10 repeatable cycles were ob-
tained. The feed system enables precise control of the rich and lean feeds to as short
as a 1s duration. In this study, typical total cycle times 77, were in the range of 20 to

60 s with rich duty fractions, d,, between 0.05 and 0.7, defined by
TT=T,r+Ty 2.2)

and

di:_ i:r,f. (23)

Details of more complex cycling experiments are described later in the Results

and Discussion section.
2.2.7 Performance metrics

Several performance metrics were defined and calculated, including reactant con-
version, selectivity, and yield. The cyclic values were time integrated over at least 5
cycles, yielding a cycle-averaged value. The cycle-averaged NO, conversion is defined

as
JCno,. —[Cno
JCno

Xno, = Tout | (2.4)

Xin
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with the NO, concentration equal to the sum of NO and NOy. The cycle-averaged

CO conversion is similarly defined as

— fCCOm _fCCOout
fCCOin .

Xco (2.5)

A similar equation was used to calculate the conversion of C3Hg. The corresponding
steady state quantities were obtained using standard definitions. The cycle-averaged

selectivity of the N-containing product is given by

afCNspecies,out
Nypecies —
species fCNOx,reacted

) (2.6)

where a represents the molar coefficient of the species (a = 1 for NO, NOs and NHg;
a = 2 for N2O). The Ny selectivity was calculated by difference of the other species

selectivities. The NHj yield is defined by

fCNHSout

TCwo (2.7)

YnH; =

Xin

In addition to conversion and selectivity, the cycle-averaged temperature was deter-
mined using a similar time-integrated method. Finally, the ratio of ammonia pro-

duced to NO, slip (ANR) is defined by

fCNH3out

ANR = —>=.
fCNOxout

(2.8)

Finally, the lean NO, storage efficiency, 7, is the fraction of NO, stored during the
lean phase of duration 7,4, calculated as

_ Cnoin*70~ [ CNOx,,,dT¢ .

Ne = 100. (2.9

Cno,, *T¢
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2.3 Results and discussion

2.3.1 Steady state catalyst performance

A series of steady state experiments was used to characterize the TWNSC activity
and performance over a range of feed temperatures and compositions spanning lean
to rich as described above in the Experimental section.

The steady state NHg, CO, NO,,, and N9O effluent concentrations under various
lean or rich feed conditions at a fixed feed temperature of 270°C are shown in Fig. 2.3.
The figure also reports the mid-core temperature rise, measured as the difference be-
tween mid-catalyst temperature and feed temperature, Tcq; — Tfeeq. The inset shows
an expanded view of the 0.85 < Sy < 1.15 range, and also includes concentrations
of individual NO, components NO and NOy. The stoichiometric condition (Sy = 1)
is the demarcation between the lean and rich feeds. At Sy = 1 the reacting species
concentrations approach zero, as expected.

To the left of the neutral feed is the rich regime (Sy < 1). As Sy decreases from
unity, the NH3 concentration increases, the CO and C3Hg concentrations increase
(conversions decrease), and the NO, concentration approaches zero (complete NO,
conversion). In an Og deficient condition the NO, is reduced to either Ng or NH3 with
negligible production of N2O. The increasing levels of CO and CsHg with decreasing
Sy result in a shift to NH3 as the main N-containing product. Global chemical re-
actions that occur under rich conditions include NO reduction by the reductants, as

shown in the following:

NO +Hy — 0.5N9y + HyO, (2.10)

NO +2.5Hy —>NH3+H20, (2.11)
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and

NO +CO — 0.5Ng + COs. (2.12)

Under rich conditions both complete and partial oxidation reactions may occur,

as shown in the following set of reactions:

CO+0.502 — COg, (2.13)
Hs +0.509 — H20, (2.14)
NH3 +0.7509 — 0.5N2 + 1.5H50, (2.15)
CsHg +4.509 — 3CO9 + 3H20, (2.16)
and
C3sHg +302 — 3CO + 3H2O. (2.17)

Additionally, reactions involving HoO as a reactant include water gas shift,

CO+Hy0 ~ CO3 +Ho, (2.18)

and steam reforming,

C3H6 +6H50 <~ 3CO9 + 9H,. (2.19)

To the right of the stoichiometric condition is the lean regime (Sy > 1). The
global reactions occurring under the stoichiometric excess are expectedly oxidation
of the various species, including the previously identified total oxidation reactions
(egs. 2.13-2.16). Other oxidation reactions that can occur include NH3 oxidation to
N2O,

NH;s + Og — 0.5N20 + 1.5H20 (2.20)
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and to NO,

NHj3 +1.2509 — NO + 1.5H50, (2.21)

plus oxidation of NO to NOg, expressed as

NO +0.509 < NOq. (2.22)

The distribution of nitrogen oxides depends on the temperature and Oy concentra-
tion, among other factors.'® For this set of conditions, NO oxidation to NOg in the
range of 1.0 < Sy < 1.5 is minimal. The low NOg concentration is in part a result
of its high reactivity as an oxidant. Reaction may also occur between NHz and NO
especially near the stoichiometric point. As Sy increases from unity, very little NHs,
CO, and C3Hg are detected due to their respective oxidations, while a low but nonzero
N3O concentration is observed, as well as a shallow NoO maximum at Sy ~1.02, be-
fore decreasing towards zero for Sy > 1.5. NO, concentrations increase sharply with
increasing Sy, approaching the feed value of 500 ppm by Sy ~2. The inset reveals
that in a slight excess of Og (S ~1.01) all of the reductants are oxidized, as expected.
The negligible but non-zero N2O level for higher Sy is attributed to the presence of
NO and Oy in the gas phase.” Under these slightly lean steady state conditions, the
precious metal sites are occupied by an admixture of O, NO and N species. NoO can

form through the reaction”®

N -Pt+NO —-Pt — NoO + 2Pt. (2.23)

The NoO maximum reflects adsorbed Oy inhibition of NO sorption and reaction. At
sufficiently large Sy the inhibition is sufficient so as to prevent NoO formation.
The catalyst temperature rise reaches a maximum of ~200°C near Sy = 1. The

maximum is attributed to the complete conversion of the reductants which results
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in the highest exotherm. With the temperature rise as a measure of the aggregate
conversions of the reactants, it follows that full conversion of all species leads to the
highest temperature rise. The slight decrease with increasing Sy beyond 1 is due to
the non-adiabatic nature of the reactor. With increasing Sy, the oxidation reactions
occur at higher rates, and thus became more localized toward the upstream portion
of the catalyst. As the reactions occur more in the upstream portion, some heat loss
can occur downstream.

Fig. 2.4 shows the conversions and selectivities of the reacting and product
species over a range of feed temperatures for a slightly lean, almost stoichiomet-
ric feed (Sy = 1.01). The NO,, CsHg, and CO conversions are shown in Fig. 2.4a,
while the selectivities to NoO, NHs, and Ny (by difference) are shown in Fig. 2.4b. As
the feed temperature increases from ~150 to 200 °C, the CO and C3Hg conversions
sharply increase to 100%. In contrast, the NO, conversion reaches a 60% maximum
at 275°C before decreasing to 35% at 500°C. The NO, conversion maximum is at-
tributed to the competing effects of adsorption, desorption, and reaction. At low tem-
perature, CO and NO are not converted due to self-inhibition.3? As the temperature
increases, surface reactions commence, including CO and C3Hg oxidation, as well as
NO, conversion to NoO and Ny. The abrupt increase in conversion of CO and C3Hg
is indicative of a reduction in CO coverage due to CO desorption, freeing up sites for
oxidation. At sufficiently high temperature an increased rate of NO desorption leads
to a decline in NO, conversion. The decreasing N2O selectivity (Fig. 2.4b) is due in
part to a declining availability of NO due to the increasing NO desorption rate. That
N3O is highest at low temperature is a result of the lower rate of N-O bond scission,

making NO available to react through N-NO (rxn. 2.23) or NO-NO coupling®! as

NO-Pt+NO-Pt - NO+Pt-0O+Pt. (2.24)
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N2O formation sharply decreases at higher temperatures due to the increased selec-
tivity to Ng, a result of an increased rate of N-O bond scission at higher tempera-
tures, minimizing the presence of NO available for N-NO coupling, and yielding N-N
coupling instead.

Finally, NH3 formation is favored under rich conditions, which for Sy = 1.01
(slightly lean) is negligible.82 The observed small but nonzero NHj3 selectivity at
150°C is attributed to low temperature formation of NHg via Hg, even though the
feed is slightly lean. It was previously shown that Hg reacts readily with NO to
form a mixture of NoO, N9, and NHgs on Pt at low temperature and anaerobic condi-
tions.®3 In the presence of a slight excess of Oy there is competition between Oy and
NO to oxidize Hy, leading to the negligible but nonzero formation of NHs. That is,

Hj oxidation by Og is slower than by NO at low temperatures.
2.3.2 NO, storage evaluation

In order to evaluate the ability for the TWNSC to store NO, during the lean
phase, a series of experiments was conducted at a variety of feed temperatures in
which 500ppm NO and 2% Oy were fed over the catalyst. The results of this exper-
iment are shown in Fig. 2.5, which plots the average amount of total NO, adsorbed
and desorbed vs. feed temperature. Because the adsorption experiment was con-
ducted until the catalyst reached saturation of NO,, the values in Fig. 2.5 represent
the total NO, storage capacity of the TWNSC at a given feed temperature. The error
between the calculated amount of adsorbed and desorbed NO,, is less than 10% in
most cases, closing the mass balance between the two measurements. Note that the
adsorption capacity of the TWNSC is bimodal in that there are two local adsorption
maxima, consistent with earlier studies of lean NO, trap adsorption behavior.!” This
type of behavior suggests storage on two types of sites, namely BaO and alumina.
Note also that H2O is not present in these experiments, which leads to a significant

increase in NO, storage performance when compared to cycling data that contains
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the full simulated exhaust feed.
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Figure 2.5: Total storage capacity of TWNSC. Catalyst was pre-reduced at the in-
let temperature using 2% Hgy/Ar. During adsorption, feed consisted of
500ppm NO in 5% O9, and during desorption the feed contained only Ar.

2.3.3 Lean-rich cycling experiments overview

For application in lean combustion exhaust, the transient and cyclic performance
of the TWNSC is critical since NO, trapping during lean periods and reduction dur-
ing rich periods must be effective. With cyclic operation, several additional operating
parameters present both a challenge and opportunity for optimizing TWNSC per-
formance. In the next several sections the impacts of these parameters on catalyst
performance are evaluated. The operating parameters that are varied include the
rich time (7,), lean time (7,), and total cycle time (eqns. 2.2 and 2.3). It is convenient
to define lean and rich stoichiometric numbers (Sy ¢; Sy ), thereby defining a cycle-
averaged stoichiometric number (Sy 4y = (1-d,)Sn ¢ + dSy ), which will influence
performance. To achieve a prescribed Sy, the rich phase composition is adjusted
through the reductant and Oy concentrations. Finally, there are additional parame-
ters including the feed temperature (Tf..q) and total flowrate, which are discussed

as well.
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2.3.4 Baseline cyclic performance

Typical transient cycling data are shown in Fig. 2.6 for a feed when the tempera-
ture (Tfeeq) is fixed at 270°C and lean and rich times are fixed at 25s [t17 =50 s, d, =
1./T7 = 0.5]. The feed gas contains 500 ppm NO, 1% CO, 3300 ppm Hs, 7% H20, and
10% COqo with Og switched between 5% during the lean and 0.3% during the rich.
These concentrations give Sy, = 7.55 and Sy = 0.45 and a cycle-averaged value of
SN.,avg = 4.03, which is a net-lean feed.

During the lean phase of the cycle, 80% of the feed NO is trapped on the cata-
lyst based on an analysis of the transient NO, data shown in Fig. 2.6a. There is a
short period of duration of ~3 s during which no NO,, is observed. This is followed by
breakthrough and a monotonic increase in NO, concentration up to the start of the
rich phase, indicating storage of NO, throughout the lean cycle. These trends are
similar to those reported for the typical storage phase of a lean NO, trap.2° During
the lean phase, NH3 and CO concentrations drop to zero with the NH3 concentration
tail more protracted than CO. The NHj tail is due in part to the propensity of NHgs to
adhere to surfaces, delaying its decrease to zero.3* This effect was confirmed with a
blank tube experiment (data not shown here). It is also noted that with the large ex-
cess of Og during the lean phase, NO storage generally occurs through its oxidation
to NOg which stores on trapping sites. The presence of NOy and lack of NoO during
the lean cycle affirms this. Fig. 2.6b shows the transient profile of the NO, compo-
nents, NO and NOs. At the start of the lean phase, there is a slight decrease in NOy
concentration, due to lean storage of some residual NOg present at the end of the
rich phase, followed by a minimum before its breakthrough. The NOy breakthrough
is delayed relative to that of NO. We attribute this to the balance between the rates
of NO oxidation to NOy, the rate of adsorption, and the sustained feed of NO. 8485

NOg; is more readily adsorbed than NO, as has also been shown for lean NO,

traps.2! Once NO breakthrough is observed, NOy, formed through NO oxidation,
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continues to adsorb. As the storage sites become saturated, NO oxidation continues
and NOg breakthrough occurs throughout the remainder of the lean cycle. During
this period Og is also stored on the catalyst, both on the precious metal crystallites
and on/in the ceria phase.

During the rich phase of the cycle the formation of NHs, NoO, and Ng involves
complex chemistry that depends on many variables including the local catalyst tem-
perature, the relative supply of the various reacting species, and the Og coverage on
the precious metal crystallites, among other factors.!” The transient data have three
notable features.

First, just after the switch to the rich phase there is a brief increase in the NO,
concentration, akin to the “NO, puff” encountered during regeneration of stored NO,,
on the LNT catalyst.?! In NSR studies the NO,, puffis attributed to the difference be-
tween the rate of stored nitrite/nitrate decomposition leading to NO, release and the
rate of NO, reduction.??3! As regeneration proceeds, less NO, is released, allowing
the reduction rate to exceed the release rate leading to the eventual decrease in NO,
concentration. A vanishing NO, concentration means that its reduction rate is high
relative to the release rate. In some NSR studies the NO, concentration during the
puff may exceed the feed NO, concentration value as the accumulated stored NO,
desorbs rapidly and with its sustained feed leads to this short-lived additive effect.3!

Second, at about the same time that the NO, concentration approaches zero, both
NHjs and CO breakthrough are observed. The NHgs originates from the reduction
of both feed NO and NO, stored during the previous lean phase. NHgs formation
behaves as expected during the rich phase, consistent with the steady state and
other experiments.86 The delay in the breakthrough of NHs and CO is attributed
to their reactions with O3 and NO, stored downstream on the ceria and barium com-
ponents.” While there is Os in the rich phase inlet gas (0.3%), it is mostly consumed

in the net rich environment (Sy = 0.45). Os is stored on the catalyst, most notably
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on the ceria phase, and is consumed by the feed reductant and the formed NHs. Pro-
duction of NH3 via He or CO takes place once the Pt surface is fully reduced and less
O and NO is available.'”87 Eventually the surface O is consumed through oxidation
of the incoming reductants, and at that point reductant breakthrough is observed.
During this period there is a small increase in NOg, indicating equilibrium between
NO on the surface being reduced or decomposing to form N and O adatoms that could
partially form NOg. This process evolves spatially; consumption of stored Og occurs
upstream and moves through the monolith. NHs is generated in the Og-deficient
zone and moves closely behind the CO and Hy reductant front, and, like Hy, will
readily react with stored Og (on the ceria phase) and stored NO, (on the barium and
ceria phases).1”

The third feature is the small but detectable formation of NoO evident early in the
rich phase, followed by its decrease to zero. NoO is formed due to NO bond scission,
generating N adatoms which react with the NO released at the commencement of the
regeneration (rxns. 2.23 and 2.24). Another route is from the reaction between NHg
formed upstream and NO, stored downstream.!” These data do not show evidence
for a second peak which has been reported during NSR studies.8”

The temperature profile for the previously discussed lean and rich cycles is shown
in Fig. 2.6¢c. As expected, during the lean phase in which combustion of hydrocarbons
occurs, there is an increase in the catalyst temperature, peaking at 130°C relative
to the feed temperature. This value corresponds to a peak absolute catalyst tem-
perature of 405°C. After transitioning to the rich phase, the temperature starts to
d,-op since the large exotherms from combustion are not present. Using this data, a

cycle-averaged feed temperature and temperature rise can be calculated.
2.3.5 Impact of rich injection intensity

A series of experiments was conducted in which the total amount (volume) of re-

ductant was fixed, while the time over which the reductant was injected was varied.
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Of interest is whether the reductant injection strategy provides an opportunity to
optimize the NO, conversion in the case of the standalone TWNSC or the NO, con-
version and NHjs selectivity for the TWNSC + SCR system. In a previous LNT study,
Kabin et al.1® varied the rich phase intensity using C3Hg as reductant. More recently
Shakya et al. examined the effect of Hy reductant intensity during NO, storage and
reduction on a Pt/BaO NSR monolith catalyst.58

Fig. 2.7 shows the cycle-averaged results in which the rich duty percentage
(100*d,) varies over a 5 to 70 % range for five different feeds during a cycle hav-
ing a fixed lean duration of 7, = 40s. The rich time (7,) and rich reductant feed
volume fraction (C,, %vol.) was adjusted to maintain a fixed volume of reductant
(V.. =Veo + Hy = constant; CO/Hs = 3) according to

100V,

C.=—— 2.25
r drTTQT’ ( )

where V, is the volume of reductant (CO + Hs in standard cm?, or scc), d, is the duty
fraction of the rich phase, 77 is the total cycle time (s), and Q7 is the standard volu-
metric flow rate of the feed (sce/s); V. and Qr are evaluated at standard conditions.
Table 2.2 summarizes the feed parameters for each of the five feeds. For four of the
Feeds (I, II, III, IV) the fixed reductant amount is 20 scc while for Feed V the fixed
amount is 10 scc. The fixed amount (10 or 20 scc) was varied to access a wider range
of rich duty fraction values (for fixed C,). The volumetric concentration of Og in the
rich feed was fixed at three different levels, 0, 0.27, and 0.53 %. Feeds IV and V
represent the case in which the Og is varied tightly around the stoichiometric point;
i.e., 0.8% Oz during the lean phase (Sy, = 1.24) and 0.53% during the rich phase.
The feed temperature was fixed at 270°C for four of the five Feeds (I, I, IV, V) and at
470°C for Feed III.

Figs. 2.7a and 2.7b show the rich phase stoichiometric number (Sy ) and cycle-

averaged NO, conversion as a function of rich duty percentage, 100xd, = 100x71,/T7.
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Table 2.2: Rich feed details for d, experiments. Varied CO/Hy in a 3:1 ratio.
Feed %02 Tfeeq(°C) Vcos+m, (cc) d-(Sy,=1)%

I 0 270 20 -
I 0.27 270 20 63
IIr  0.27 470 20 63
IV.  0.53 270 20 47
vV 0.53 270 10 30

Figs. 2.7c and 2.7d show the effect of the rich duty percentage on the cycle-averaged
CO conversion and NHj selectivity, respectively. Each point in the figures represents
one cycling experiment.

Examination of Fig. 2.7 reveals several notable trends. First, the NO, conversion
(Fig. 2.7b) for each case generally increases with d, up to a value in which a neutral
stoichiometric mixture is achieved, i.e., d,(Sy, = 1). Those values are provided in
Table 2.2 for each feed. For d, > d,(Sy, = 1) the NO, conversion decreases as the
gas phase becomes net lean. This trend reflects that a rich phase that is both more
prolonged and of a lower reductant concentration is more effective than a shorter,
more intense pulse, as long as the feed does not become lean. For example, for Feed
II, Xno, (d, = 0.20, 77=50s, y, co + yrH,= 0.063) is 51%, while Xyo, (d, = 0.60,
77=100s, y, co + Yr,H,= 0.00637) is 67%.

Fig. 2.7b shows that for fixed d,, the NO, conversion decreases with increasing
rich phase O3 concentration (increasing Sy ) and increasing feed temperature (Tf,.q
= 270 to 470 °C). The former trend underscores that increased reductant enhances
NO, conversion. The latter trend reflects the detrimental impact on NO, storage
capacity at high temperature. In contrast to NO, conversion, the CO conversion is
an increasing function of d, and Tf..q (Fig. 2.7c). The X¢o dependence on d, re-
flects that a leaner rich phase benefits the oxidation of CO by gas phase Os or stored
O2, as expected. The dependence on Tf..q simply indicates that an increased tem-
perature increases the rate of oxidation. Fig. 2.7d shows that NHs selectivity is a

non-monotonic function of d,. This trend reflects the similar trend for NO, conver-
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sion versus d,, although the maximum Sypg, occurs at a lower d, value than the d,
value resulting in a maximum NO, conversion.

The trends in the NH3 production reflect the balance between NHj3 generation
and consumption. A shorter and more intense rich phase is less effective in generat-
ing NHj as is a rich phase that is not sufficiently rich. At first glance, it may seem
counterintuitive that NHg selectivity decreases as Sy decreases, as it was shown for
steady state conditions that a rich environment leads to a higher NH3 production
(Fig. 2.3). However, the pulses for lower d, are very short and concentrated which
likely leads to a transient poisoning effect of CO on the Pt sites, which inhibits NO
reduction to NH3. As the rich phase becomes leaner (d, and Sy, increasing) the
selectivity and conversion increase to a maximum value before starting to decrease
when the Sy,r value approaches unity. The prolonged rich phase is insufficiently
rich, which decreases the NHg generation rate and increases its oxidation rate. It is
interesting to note that Feeds II—V follow the same locus of Syp, versus d, for de-
creasing d,. This trend suggests a limit on the NHg production when the rich phase
is sufficiently rich. Indeed, the Feed I results clearly show that a critical variable is
the Og concentration. A rich phase devoid of Og gives the highest NH3 yield over a

wide range of rich duty fractions.
2.3.6 Impact of feed temperature

The data in Fig. 2.7 include two sets at identical conditions but two different
feed temperatures of 270 and 470 °C, Feeds II and III, respectively. Similar quali-
tative trends for conversion and selectivity are evident up to a 60% rich duty (Sy ,
< 1), but the magnitudes are different. At 470°C the NO, conversion is lower than
it is at 270°C while the NH3 selectivity is considerably higher, or equivalently, the
Ny selectivity is much lower (given the relatively negligible NoO selectivity). Note
however that that NHs yield (Fig. 2.7e) is nearly identical regardless of temperature,

indicating the amount of NHg produced is not affected by temperature under these
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conditions. By definition, the variation in selectivity is due to the variation in NO
conversion. The NO conversion trend is due in part to the decreased NO, storage at
higher temperatures with a larger fraction coming from direct catalytic conversion
during the lean and rich phases. Recall that the steady state data show the NO con-
version decreasing over this temperature range for a near-stoichiometric feed (Fig.
2.4a). On the other hand, the steady-state Ny selectivity increases with temperature
(Fig. 2.7b). This would appear to contradict the observed opposite trend during cyclic
operation (Fig. 2.7d). Under steady-state conditions the increased Ng selectivity is a
result of the increased rates of NO bond scission and N adatom recombination. The
high NHjs selectivity achieved under cyclic conditions at 470°C occurs at lower NO,
conversion and during the rich phase.

To better understand the effect of feed temperature on catalyst performance, Fig.
2.8 shows the NO,, NoO, NHj3, and CO effluent concentrations for feed temperatures
of 270 and 470 °C and a 50% rich duty (lean and rich durations of 40s). The NO,
transient data demonstrate that at lower temperatures there is a higher storage of
NO,, consistent with the NO, storage data reported in Fig. 2.5. This observation
explains why there is a higher NO, conversion at the lower temperature. Upon com-
paring the two profiles, both breakthroughs occur at the same time, although the
lower temperature NO, profile has a slower approach to saturation than at 470°C.
At higher temperatures the stored NO, is not as stable and will undergo desorption
and reduction. As shown in Fig. 2.5, the storage exhibits two maxima, one around
175°C and one around 300°C, suggesting that the lean NO, storage performance of
the catalyst is sensitive the inlet temperature. At 470°C, the TWNSC is less effective
at storing NO, under the conditions presented in this paper, but a higher frequency
of lean-rich switching (i.e., shorter 7,) would improve the performance. The individ-
ual NO and NOg profiles are shown in Fig. 2.8b. For these conditions, the extent

of NO oxidation to NOg is dependent on the feed temperature, consistent with the
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lean NO, conversion trends shown in Fig. 2.4. This behavior suggests that as the
operating temperature changes, the cycling protocol can be adjusted to improve both
NO, conversion and storage efficiency. Additionally, at both feed temperatures the
rich phase NO, conversion is complete within 20s of the rich phase feed, suggesting
this portion of the cycle is independent of the temperatures used in this study.

The N2O transient data show a moderate NoO selectivity at 270°C but a negligi-
ble level at 470°C, consistent with typical NoO behavior at low vs. high temperatures
for NO, storage catalysts. Unlike the results shown earlier for which a wider range
of lean/rich switching (Sy , of 7.4 to Sy, of 0.49) was employed and negligible NoO
was generated (Fig. 2.5), at 270°C the narrow lean/rich switching of Sy, = 1.24 to
Sy, = 0.60 results in an N3O concentration as high as 50 ppm during the rich phase.
The formation of NoO during the rich phase only occurs during the first 20s of the
cycle, during which time stored Og is available. Once the Oy storage is depleted, NO,
is fully reduced to No/NHj3.

The NHj transient data are nearly identical at the two feed temperatures. NHg
breakthrough occurs about 10s after the start of the rich phase, indicating the con-
sumption of stored Oy and NO, occurring at similar rates in both cases. After break-
through, the NH3 concentration approaches 500 ppm, which indicates that NHs is
the major product in this rich environment, independent of the temperature. NHgs
is not detected during the lean phase. The high selectivity at 270°C is due to the
increased storage of NO, in the lean phase, and the yield is the same at both tem-
peratures because the reactor environment is sufficiently rich to fully reduce NO,
to NHj3 instead of Ng, likely due to the high concentration of Hy in the feed. While
NHj3 decomposition is expected at higher temperatures, previous studies on similar
catalyst compositions have shown that the presence of Hy during regeneration can
prevent this phenomenon.'” Additionally, there is a notable difference in the break-

through profile depending on the temperature. At 270°C, the NH3 spikes much faster
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Figure 2.8: (a) NO,, (b) NO, NOg, (c) N2O, (d) NH3, and (e) CO (ppm). Lean feed (Sy ¢
=1.24): 1% CO, 3300ppm Hy, 0.8% O2. Rich feed (Sy , = 0.60): 0.27% Oa,
0.75% CO, 0.25% Hs. Both had 500ppm NO, 7% H20, 10% CO..
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than at 470°C, overshooting the feed value of 500ppm NO, possibly due to the low
concentration of CO present during this time as it is still oxidized using stored Os.
As the CO effluent concentration increases, the NH3 production rate decreases due
to the poisoning effect of CO on the reactive sites. However, at 470°C, because the
CO undergoes water gas shift, there is less poisoning and the NHs formation occurs
more gradually, approaching 500ppm as more Hs is formed.

Finally, the CO transient data reveal breakthrough at the same point as NHg
upon Og depletion. While the 470°C profile shows CO leveling off at about 700
ppm, the 270°C profile shows a progressively increasing concentration during the
rich phase. The differences can be attributed to a lower extent of CO conversion by

reaction with HoO at 270 than at 470 °C; i.e., the exothermic water gas shift reaction.
2.3.7 Impact of total cycle time

The total cycle time, 77, is another important operating parameter which must
be tuned in conjunction with the rich duty fraction. We report in this section the im-
pact of 7 for several different cases corresponding to feeds of varying stoichiometric
numbers, feed temperatures, and reductant types.

Fig. 2.9 shows the impact of 77 on catalyst performance for two different feed
temperatures: 270°C (Fig. 2.9a) and 470°C (Fig. 2.9b) with a rich duty of 50%. This
d, value provides a relatively high NO, conversion over this temperature range. The
lean and rich Og concentrations are 5% and 0.37%, respectively, resulting in Sy ; and
Sy, = 7.4 and 0.6, respectively. The ANR calculated using eqn. 2.8 is shown on the
secondary vertical axis.

With the wide disparity in lean and rich compositions a distinct NO, conversion
maximum is obtained for the 270°C feed temperature (Fig. 2.9a). The maximum
Xno, is 87% for a 17 = 18s. At shorter cycle times the conversion falls off sharply,
approaching 47% for 17 = 4s. For longer cycle times the conversion decreases gradu-

ally, approaching 67% at 77 = 200s. A NO, conversion maximum at an intermediate
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Figure 2.9: Treeq = (a) 270°C (b) 470°C. d,=50%. Lean feed (Sy ¢ =7.4): 500ppm NO,
1% CO, 3300ppm Hs, 7% H20, 10% COg, 5% Oq. Rich feed (Sy , =0.6):
500ppm NO, 1% CO, 3300ppm Hs, 7% Hs0, 10% CO2, 0.37% Os.

1.,16 who examined a lean NO,, trap cata-

cycle time was first reported by Kabin et a
lyst using CsHg as the reductant. They showed that as the cycle time gets shorter,
upstream mixing of the lean and rich feeds results in a feed approaching that of a
“mixed feed” at steady state. For the current study, with rich and lean duties both
50%, the mixed feed would correspond to a simple arithmetic average of the two; i.e.,
O9 feed concentration = (5 + 0.37)% / 2 = 2.69% O2. Referring to earlier steady state
results in Fig. 2.3, such a lean feed would result in a negligible NO, conversion.
Indeed, an extrapolation of Xy¢, to zero cycle time in Fig. 2.9a confirms this anal-

ysis. In contrast to the NO, conversion, the CO conversion decreases monotonically

with cycle time (Fig. 2.9a) from its maximum value of 100% for 77 = 0, while the
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NHj; selectivity monotonically increases from 0 starting at 7p = 14s. The CO conver-
sion decline merely reflects that with a more protracted rich phase, more reductant
breaks through. In fact, the appearance of NH3 at 77 ~14 s occurs at about the same
point as the onset of the decrease in CO conversion, referring back to the transient
profiles in Fig. 2.6a that show the coincident breakthrough of CO and NHs. The de-
clining NO conversion combined with the increase in Sypg, result in an ANR having
a maximum at an intermediate cycle time; i.e., ANR ~2.0 at 77 = 50 s. As we expand
on later, the existence of the NO, conversion maximum and ANR maximum at two
different cycle times poses an interesting operational question.

At 470°C neither the NO, conversion nor the ANR exhibit maxima (Fig. 2.9b).
Under these conditions the extent of NO, storage is much lower. As a result the
catalyst performance is effectively a combination of lean and rich operations. The
NO, conversion increases sharply from the short cycle mixed-feed limit to 47% at
long cycle times. This value approaches the weighted average conversion of the lean
feed (100%, Sy, = 0.6) and rich feed (0%, Sy ¢ = 7.4) both operated at steady state.
The NHj selectivity also increases monotonically from 0 to 0.8 at 77 = 200s. The
magnitude of the ANR is much lower at this rather high feed temperature.

For comparison, another cycle time sweep was carried out with a feed tempera-
ture of 270°C but a shorter rich duty of 14%. Fig. 2.10 shows the same performance
metrics when the lean-rich switching is confined to an Sy range between 1.18 (lean)
and 0.83 (rich) and a feed temperature of 270°C. The NO, conversion has two ex-
tremes over the 77 range of 0 to 200 s; a maximum of 77% for 77 = Os (obtained with
a mixed feed and Sy =1.005), and a minimum of 52% at 77 = 18s. For the longest
cycle time of 77 = 200 s, X0, is 61%. That the highest conversion is encountered
with the continuously-fed mixed feed indicates that cycling is actually detrimental
for this near-stoichiometric feed. The CO conversion exceeds 99% over the entire

range of cycle times. NH3 generation under these conditions is quite low with a max-
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500ppm NO, 1% CO, 3300ppm Hy, 7% H20, 10% CO2, 0.53% Os.

imum selectivity of only 14% achieved at a cycle time of 200 s while the net NHgs

generation is negligible for cycle times less than 60s.
2.3.8 Impact of reductant type

Most of the experiments presented up to this point have involved a reductant
feed containing CO and Hy. In practice, the feed also contains hyd,ocarbons, so it
is useful to assess the TWNSC performance when each of the three reductant types
is present. Fig. 2.11 shows the results for a three-reductant feed (Fig. 2.11a) and
a feed containing C3Hg as the sole reductant (Fig. 2.11b). Both experiments were
conducted at the same feed temperature of 270°C while the rich duty was fixed at
50%. The CsHg concentration in the lean and rich phases for each experiment was
fixed at 1000 ppm while the CO and Hy concentrations were 1% and 3300 ppm,
respectively, for the three-reductant feed. The Og concentrations in the rich and lean
phases were adjusted to ensure that the Sy,r and Sy ; were fixed at 7.4 and 0.8,
respectively. Table 2.3 reports the feed concentrations. Note that the exothermic
heat effects (Fig. 2.10c) are larger for the three-reductant feed.

For the three-reductant feed results (Fig. 2.11a) there is a distinct maximum in
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Table 2.3: Concentration of reductants and Oy during the lean and rich phase used
in the reductant analysis cycling experiments explained in Fig. 2.12

Set CO Hz CgHe CO + Hz CO + Hz + C3H6

Oy (%) Lej*an 5 5 5 5 8.4
Rich 0.53 0.53 0.53 0.53 0.9
CO (%) Lean/Rich 1.33 - - 1 1
H, (%) Lean/Rich - 1.33 - 0.33 0.33
CsHg (%) Lean/Rich  — - 0.147 - 0.1

the NO, conversion (64%) at 17 = 44 s. At the cycle time limits of 4s (mixed feed) and
200 s, NO, conversion is 0.2 and 56 %, respectively. In contrast, for the C3Hg only
feed (Fig. 2.11b) the NO, conversion increases monotonically from 12% at 77 = 4s
to 68% at T = 200s. The comparison shows that C3Hg is more effective in reducing
NO, than the three-component mixture for shorter cycle times (77 < 10s) and nearly
as effective for longer cycle times. The short cycle time difference may be due to
CO inhibition as was discussed earlier (Figs. 2.3 and 2.4). Each case shows nearly
complete conversion of the reductant over the entire range of cycle times. This is the
result of the overall lean conditions (Sy = (7.4 + 0.8)/2 = 4.1). On the other hand,
a large difference is evident in NH3 generation under these conditions. Clearly CO
and Hy are much more effective in generating NHj3. Corresponding to these trends
is a much higher ANR for the three-reductant feed than the C3Hg-only feed. This is
not surprising given that NO conversion by Hy to NHj is very effective under these
conditions.

Fig. 2.12 shows the effect of using various combinations of reductants on the
cycle-averaged NO, conversion and NHs selectivity. To enable a meaningful compar-
ison, the cycle time and rich duty (z7 = 80s; d, = 0.5), feed temperature (270°C) and
stoichiometric numbers for both the lean (Sy; = 7.6) and rich phases (Sy, = 0.83)
were fixed. Species concentrations were adjusted to maintain the fixed Sy ; and Sy
values. Overall, the conversion of NO, varies less with the type of reductant in the

feed than does the NHj selectivity. Xy, varies between 62% (mixture of three reduc-
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tants) and 77% (Hgz only) while Sy, varies between 45% (Hgz only) and 5% (C3Hg).
In maximizing both NO, conversion and NHj selectivity, Hy is the most effective
reductant. 7983 Any feed that contains Hs increased the NHgs selectivity, consistent
with the discussion in previous sections regarding the enhancement of Ho on NHg

selectivity.
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Conversion, Selectivity
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Figure 2.12: NO, conversion and NHj selectivity for various combinations of reduc-
tant in the feed. Tr..q = 270°C. 77 = 80s, 7,=40s, 7, =40s. See Table 2.2
for feed concentrations.

To better understand these trends, Fig. 2.13a shows the transient effluent NO,
concentration for one lean-rich cycle using each of the reductant feeds. Each of the
NO, profiles are qualitatively similar. During the lean phase there is a brief period
of complete NO, trapping followed by NO, breakthrough with a gradual increase;
during the rich phase there is a NO, spike followed by a sharp decrease. Overall
the data show that Hs is the most effective reductant, followed by CO/Hy. The NO,
conversion is primarily affected by two factors, the lean storage and the intensity of
the NO, spike that occurs during the lean-rich transition. An estimate of the lean
NO, storage efficiency 7., determined using eqn. 2.9, is highest for Hy (70%) and
lowest for C3Hg (59%). The C3Hg data shows the steepest NO, breakthrough during
the first half of the lean phase while all of the other feeds have nearly identical NO,

breakthroughs during this period. Interestingly, the C3Hg-only NO, breakthrough
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Figure 2.13: (a) NO, concentration profile for one cycle. (b) Temperature rise of one
cycle for each of the five feeds described in Fig. 2.11. Sy, =7.6, Sy, =
0.83 (see Table 2.2 for concetrations).

intersects the three-component feed near the end of the lean period. The NO, con-
centration during the rich phase shows greater disparity in the several cases. For
feeds containing CO, the NO, spike is most pronounced. This would appear to indi-
cate that CO inhibits the regeneration. The comparison of the CO-only and Hs-only
or the C3Hg-only and the three component feeds underscore this point.

Fig. 2.13b shows the corresponding transient mid-point catalyst temperature. For
all feeds, there is a gradual increase during the lean phase (oxidation), followed by a

decrease during the rich phase (reduction). The lowest temperature rise is encoun-
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tered with the C3Hg-only case, followed by the Hy case, and then the CO containing
cases. The highest temperature rise is seen with the three-reductant feed. Fig. 2.14
shows the measured, cycle-averaged temperature rise for each case compared to an
estimate for the theoretical steady-state value using the following expression for the

adiabatic temperature rise,

_ _AernXCr

AT
Cp ’

(2.26)

where —AH,,, is the heat of combustion of the reductant, X is the conversion, C,
is the concentration (% vol.), and C, is the heat capacity of the feed gas. As shown
in the figure, there is agreement in the trend between the temperature rise of indi-
vidual species and the reductant mixtures. However, there is an overall difference
in magnitude between the measured and theoretical values, most attributed to re-
actor heat losses. The observed conversion of each reductant mixture in this set of
experiments is more than 98%. As such, the temperature rise values are attributed

to variations in reductant concentration and the heat of combustion of each species.
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Figure 2.14: Comparison of cycle-averaged catalyst temperature rise to theoretical
values calculated according to eqn. 2.26.
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2.3.9 Optimal operation

The TWNSC performance results suggest that system optimization is nontrivial.
The manipulated operating parameters include the cycle time, rich duty fraction,
rich phase O concentration, and feed temperature. The choice of which performance
metric is the most critical depends on intended application of the TWNSC. For the
standalone TWNSC, operating conditions should be selected that maximize the NO,
conversion, reductant conversion, and Ny selectivity while minimizing the reductant
usage. In contrast, for the TWNSC followed by a SCR, the NO, conversion should be
balanced across both reactors to take advantage of the lower cost SCR. In that case
the rich phase operating conditions should be selected that give a NO, conversion
approaching 50% and a NHj selectivity as high as possible to affect downstream
SCR, 1976 j.e., ANR ~1. Identifying the precise operating conditions would require a
detailed multi-variable optimization.

To illustrate the optimization strategy, it is instructive to evaluate the case when
cycling is done with widely different feed compositions. Fig. 2.9a shows such a case
using CO + Hy as the reductant mixture that might represent a lean gasoline appli-
cation. In those experiments the data reveal the existence of two maxima obtained
at different cycle time values. The first maximum is of the NO, conversion while the
second is of the ANR. Selecting the NO,, conversion maximum (87%) as the operating
point for the standalone TWNSC would require a total cycle time of 18 s at the duty
rich fraction of 50%. Under these conditions the NHg selectivity is rather low ( 20%)
and the CO conversion is very high (99.9%). On the other hand, for the TWNSC +
SCR configuration, there are two potential operating points at which ANR ~1. If a
downstream SCR catalyst is available, as mentioned earlier the optimal ANR value
is unity. The first is to the left of the ANR maximum, while the second is well to the
right of the ANR maximum (e.g., at 77 = 20 s and at 77 = 200 s, respectively). The

latter would appear to be the better choice as Xno, = 67% and Sy, = 62% which are
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closer to the desired optimal values of 50% and 100%, respectively. However, the CO
conversion at this cycle time is 85%, an issue that still needs to be addressed for a
TWNSC system. Another potential operating point might be at the ANR maximum
which occurs for 77 = 50s. In this case the NO, conversion is 83% and the NHj
selectivity is 44%. Moreover, the CO conversion is 96%. Obviously, this illustration
over-simplifies the optimization but it does provide insight into the main issues.

The catalyst performance is qualitatively different at a higher feed temperature
(Fig. 2.9b). Because the lean NO, storage is poor at 470°C, the cycle-averaged conver-
sion stabilizes after only 40s instead of exhibiting a maximum, indicating that even
with longer lean periods, the NO, breaks through and increases to its feed concen-
tration within 40s. Another key difference at the higher feed temperature is that the
NHg selectivity and ANR steadily increase. The ANR value does not approach 1.0 in
these conditions, mostly due to the decrease in NO, conversion at higher feed tem-
perature. Since the NO, conversion stabilizes, we would expect NHg selectivity to
increase because a longer rich period generates more NHjs. To optimize this system,
a total cycle time of 40s would be a good choice leading to 45% NO, conversion and a
reasonable NHj selectivity (ANR of 0.4, and a CO conversion of 96%). A higher cycle
time would lead to better NHs yield, but long cycle times are much less practical for

engine operation, and the additional loss of CO conversion is problematic.
2.3.10 Parallel modeling study

A follow-up study was conducted in which a global kinetic model was developed to
predict and further analyze the experimental data described above. The model was
developed by Mengmeng Li and was published as Li,M.; Malamis, S. A.; Epling, W.;
Harold, M. P. Steady state and lean-rich cycling study of a three-way NO, storage
catalyst: Modeling. Applied Catalysis B: Environmental 2019, 242, 469-484.

The model captures most of the experimental trends of a model TWNSC reported

here. A systematic method was used to develop the main underlying catalytic reac-
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tions, NO, storage, and O9 storage processes. The process involved a combination of
specific steady-state and transient experiments designed to estimate kinetic parame-
ters. According to the model prediction under the steady-state condition, the TWNSC
model is capable of capturing the effluent trend spanning a range of Sy values. The
cyclic model could capture the cycle-averaged NO, and CO conversions, NH3 gener-
ation and ANR through a wide range of TCT and the transient species profiles at
TCT = 50 s. Model-predicted spatio-temporal profiles of NO, storage sites coverage
and solid and fluid temperature profiles significantly enhance the understanding of
dynamic NO, storage profiles and nonisothermal features within the TWNSC mono-
lith, which provides information for catalyst design and optimization. This type of

modeling work serves as the basis for the work described in Chapter 4.

2.4 Conclusions

A systematic study of the performance of a commercial three-way NO, storage
catalyst (TWNSC) was conducted. The study provides insights regarding potential
use in lean-burn gasoline vehicles as a standalone unit or in tandem with a down-
stream SCR. The steady-state performance expectedly shows the demarcation be-
tween rich and lean such that within a narrow window around the stoichiometric
neutral point high conversion of CO, hydocarbon (C3Hg), and NO can be achieved.
In general, CO and C3Hg conversions increase with temperature and stoichiomet-
ric number Sy, while NO, conversion and NHgs production decrease with increasing
temperature and Sy.

The performance features under lean/rich cycling are amenable for either stan-
dalone TWNSC or the tandem TWNSC + SCR configuration. The cycling protocol
may be designed to achieve a high NO, conversion and N selectivity, but this will
generally require reductant exceeding a threshold value that leads to difficulty in
avoiding NHg and CO slip whereas insufficient reductant will lead to an inadequate

NO,, conversion. The concentrations of reductant and O, duration of the rich pulse
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(duty fraction), and cycle time may be tuned to achieve a desired NO, conversion
and/or NHjs selectivity. If there is a large disparity in the lean/rich ratio over the cy-
cle, the NO, conversion exhibits a maximum value at an intermediate cycle time, as
does the ANR. Optimization should be possible for a particular application that max-
imizes the NO, conversion and reductant utilization. A follow-up modeling study
enables enhanced understanding of the TWNSC including providing details for spa-

tiotemporal behavior of the monolith.
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Chapter 3: Coupled NO and C;Hg trapping, release
and conversion on Pd-BEA: evaluation of the lean

hydrocarbon NO, trap (LHCNT)

The following chapter was accepted as Malamis, S. A.; Harold, M.P.; Epling, W.
S.; Coupled NO and C3Hg trapping, release, and conversion on Pd/BEA: Evaluation
of the lean hydrocarbon NO, trap. Industrial and Engineering Chemistry Research

2019.

3.1 Introduction

The combination of higher fuel economy and tightening emission regulations mo-
tivates the development of more efficient engines and effective emission control sys-
tems. Advanced compression-ignition engines and enhanced efficiency diesel engines
are being developed to meet the fuel economy challenge.258 Vehicles with these en-
gines operate at a lower combustion temperature and emit relatively higher amounts
of hydrocarbons (HC) and CO. Moreover, these systems operate lean, resulting in in-
creased NO, emissions. It is well known that conventional emission control systems
including the Three-Way Catalytic converter (TWC), Lean NO, Trap (LNT), and the
combination of Diesel Oxidation Catalyst (DOC) + Selective Catalytic Reduction cat-
alyst (SCR) are ineffective at temperatures below 200°C.6° Thus, because engines
undergo a cold-start duration of 1-3 minutes, it is imperative to address the slip of
pollutants that occurs before the catalyst reaches its threshold operating tempera-
ture.

While the challenge of cold-start emissions is well documented, increasingly strin-

gent emission standards have led to renewed interest in developing an effective so-
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lution. The Passive NO, Adsorber, or PNA, has been proposed to specifically address
the low temperature emission of NO,. Researchers from Johnson Matthey described
in the first open literature report the main features of the PNA; i.e., the trapping
of NO and NO; at low temperature and their release at a temperature high enough
for downstream conversion by SCR.®® The most commonly-studied PNA materials
include Pd-exchanged zeolites including BEA, ZSM-5, or SSZ-13, due to their high
thermal stability and resistance to sulfur poisoning. 6%-6264 Although these materials
have expressed a high affinity for NO, storage at low temperature, the NO adsorp-
tion mechanism on these materials is still under debate. One interpretation is that
highly dispersed isolated Pd cations leads to considerable storage, but the nature of
Pd in these catalysts is highly variable and not fully understood. 52:64.67.90

Key literature studies have investigated NO adsorption and the nature of Pd
in/on Pd-containing zeolite materials. The Pd exists in a variety of states, which can
impact NO uptake. Several of these states include PdO, as either isolated molecu-
lar moieties or nanoparticle clusters; Pd?* exchanged in the zeolite framework at a
single (AlI-O-Si)~ site (abbreviated Z~) in the form of Z~[Pd—OH]", or at a dual-site
in the form of Z7[Pd]?>*Z~; and monovalent Pd*Z~.62:63.6891-93 7Zheng et al.62 pro-
posed that sufficiently small PdO, (x > 1) clusters located on the external surface
of the zeolite may contribute to NO uptake through their reduction by NO (to NOy)
and subsequent NO adsorption. The distribution of Pd states and their collective re-
sponse to transient system conditions is practically important because agglomerated
PdO particles are not effective in adsorbing NO or reducing NOy.%3:92-94 Several
studies conclude that the distribution is a function of the pretreatment conditions,
gas composition such as the presence of Og, NO, or reductants, as well as the zeolite
framework type and its acidity. Adelman and Sachtler®! found that the Brgnsted
acid sites (BAS) of ZSM-5 disperse exchanged Pd ions and prevent PdO agglomera-

tion if the ratio of Pd/Al is low enough (~0.1). Aylor et al.®8 found that PdO clusters
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can be redispersed upon exposure to a feed of NO + Oy for low loadings of Pd on the
zeolite (0.44 wt%). Although the exact mechanism through which NO adsorbs on Pd
is still being investigated, it is well-understood that NO can bind to each Pd site type
at various adsorption energies, which leads to desorption at different temperatures
during warm up. 526890

In addition to the complex storage mechanism involving Pd, NO can also store
on BAS but in the presence of HoO these sites are largely blocked.%%%* To increase
adsorption in the presence of H2O, various pretreatment strategies have been re-
ported, including thermal or hydrothermal oxidative treatments, depending on the
zeolite. These methods have been shown to redisperse PdO and to facilitate Pd ion
exchange in the zeolite framework, increasing NO uptake.%%¢ Thus, extensive liter-
ature exists regarding NO adsorption on these materials and many new studies are
underway to determine an energetically favorable mechanism.

Although a large amount of research is being conducted for NO adsorption to ad-
dress the cold-start problem, the co-existence of other undesirable exhaust species
including CO and unreacted HCs must also be addressed. Typical diesel engine ex-
haust contains small olefins (C2-C4), aromatics, and long-chain alkanes (Cg.), all
of which need to be trapped during cold-start.??> The PNA concept follows from the
much earlier developed hydrocarbon trap (HCT), which stores HC on selective zeolite
materials.?” Zeolites are effective sorbents of HCs through a combination of the pore
structure and acidity of the exchange sites.%"-63.65:93.98.99 T arge pore zeolites such as
BEA (12-member rings) are effective in trapping linear, higher molecular weight HCs
(C10+) that can access the pores and bind on the pore walls. Medium pore zeolites
such as H-ZSM-5 (10-member ring) are effective in trapping olefins and aromatics on
BAS, the extent of which depends on the silicon to aluminum ratio (SAR).?%3:57:100 A].

though there is extensive research on the development of HCTSs, incorporation with

low-temperature NO, storage capability has not been extensively studied. A recent
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1.%5 reported on the effect of ethylene on NO adsorption on

publication by Theis et a
ceria zirconia and found that NO adsorption increases due to the formation of alkyl
nitrites and nitrates. In the pioneering study of Pd-zeolites as PNA materials by
Chen et al.,®0 experiments involving n-C19Hag were reported, but extensive discus-
sion of its effect on NO uptake or the use of smaller HCs was lacking.

To better understand the combined NO, and HC storage on Pd-zeolite materi-
als, we investigated the use of Pd-BEA as a model material for the aptly-named
Lean Hydrocarbon NO, Trap (LHCNT), a multifunctional material that traps and re-
leases both NO, and HCs and partially eliminates HCs (through oxidation) and NO
(through reduction) during normal operation. Through a combination of transient
adsorption/desorption experiments and in situ DRIFTS, we propose a phenomenolog-
ical mechanism to explain the observed performance features of the Pd-BEA LHCNT.
Specifically, we report performance metrics for a variety of conditions including the
effect of HoO and adsorption temperature for single adsorbate feeds and the com-
bined NO and C3gHg feed. The results enhance our understanding of the proper-

ties and performance of Pd-BEA for subsequent model development, simulation, and

LHCNT material/device optimization.

3.2 Experimental

3.2.1 LHCNT reactor setup

The LHCNT reactor setup was built over the course of three months using an
existing furnace installed in a vertical position. Note this is a completely separate
system from the TWNSC reactor. The setup comprised a vertical quartz tube reactor
equipped with an MKS 2030D FT-IR for effluent gas composition measurement (Fig.
3.1). MG2000 software was used to analyze and process FT-IR spectra obtained dur-
ing experiments. Feed gas flows were controlled both manually and electronically

using a combination of Omega Engineering rotameters, calibrated for air at 1 atm
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and 20°C, and MKS mass flow controllers (GM50A) connected to a control box with a
digital interface (946 Controller). To conduct adsorption and desorption experiments,
four feed streams were utilized: a main stream containing Ar and Oy (MFCs); an ad-
sorbate stream capable of flowing NO, NOy, C3Hg, and carrier Ar (MFCs); a makeup
Ar stream to balance the adsorbate stream (rotameter); and a water injection system
located downstream. The latter comprised a 60mL syringe pump (Cole-Parmer, IL),
a house-made metal vaporizer unit set to 225°C, and a carrier Ar rotameter. For ex-
periments requiring dodecane (see Chapter 5), a similar vaporizer unit was installed,
but only a 10mL syringe pump was used due to the lower required flow rate. Figure

3.1 depicts the reactor system in more detail.
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Figure 3.1: Quartz tube monolith reactor diagram (note that the furnace is actually
oriented vertically).

) — |
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3.2.2 Catalyst preparation and property evaluation

A catalyst composed of 2wt.% Pd-BEA zeolite was prepared using incipient wet-
ness impregnation. BEA zeolite (Si/Al = 19, surface area = 710m?/g) was obtained

from Zeolyst International. A slurry was first prepared using Pd(NOg3)2-2H20 pre-
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cursor dissolved in HoO equal to the pore volume of BEA (35mL/g), which was then
added dropwise to the zeolite, dried at 120°C for 18h, and calcined at 550°C for 4h.
The resulting powder mixture was then combined with 10wt.% alumina binder, di-
luted in HyO, and ball-milled for 36h. Cordierite monolith cores (cell density of 400
cpsi) were dipped into the resulting slurry mixture until the desired loading was
reached. For all experiments in this study, a 2wt.% Pd-BEA monolith with a loading
of 1.3g/in® was used. The monolith sample was 52mm long and had a cross section
of 80mm?, giving a total catalyst loading of 0.31g. Assuming complete incorporation
of Pd into the zeolite, the estimated concentration of exchanged Pd and BAS were
187 and 633 umol/g-cat, respectively, giving an Pd/Al value of 0.29 and a total site
concentration of 820 umol/g-cat. Pd dispersion was measured using a Micromeritics
(3Flex Chemisorption) apparatus for both a fresh sample and a used sample that
underwent many storage and release cycles. The catalyst samples were pre-reduced
in 1% Hsy at 400°C for 30 min followed by CO pulse chemisorption. Using a 1:1 stoi-
chiometry for CO adsorption on Pd, the resulting dispersion for each sample was 20%

and 16%, respectively.
3.2.3 Adsorption and desorption protocols

Adsorption experiments were conducted in the vertical quartz tube reactor de-
scribed above using a total flow rate of 2500sccm, corresponding to a gas hourly
space velocity (GHSV at STP) of 32k h!. All gas feed compositions mentioned in
this work are balanced with Ar unless noted otherwise. The catalyst sample was
first degreened in 5% Oq at 600°C for 4h. Before each experiment, a sample pretreat-
ment was conducted in 5% Oz at 500°C for 30 min, followed by sample cooling under
a flow of Ar to the desired adsorption temperature of 50, 80, or 150 °C. To begin the
adsorption, the adsorbate feed was injected into the reactor using an electronically
actuated 4-way switching valve (Fig. 3.1). In this study both dry and wet feeds were

used (Table 3.1). Any other feed compositions that deviated from those in Table 3.1
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are described in the Results section. The monolith was exposed to the feed mixture
for 300s, after which the adsorbate feed was switched off and the effluent concentra-
tions were monitored until the NO and/or CsHg concentration reached zero, purging
the catalyst of weakly adsorbed gases. Next, the desorption was initiated by ramping
the temperature at a rate of 20°C/min to 500°C in a flow of 2% Oq. For the wet feeds,
the adsorption phase of the experiment was varied slightly due to reactor design lim-
itations. To ensure simultaneous exposure of NO/C3Hg and H2O on the catalyst, the
entire feed mixture was established in the bypass, followed by a switch to the reactor.
Because the protocol between wet and dry experiments differed, a blank monolith
experiment was conducted for each feed composition, ensuring proper subtraction of
dead time and weak adsorption in the system (Fig. A.1). Most experiments were
repeated three times to ensure reproducibility, and the results did not vary by more

than 10%.

Table 3.1: Experimental feed temperature and composition

Teqs (°C) Cno (ppm) Cpno, (ppm) Ccym, (ppm) Co, (%) Ch,o (%)

50 400 - - 2 -
50 - - 800 2 -
50 400 — 800 2 —
80 400 — — 2 —
80 - 400 - 2 -
80 - - 800 2 -
80 400 - 800 2 -
80 400 — 400 2 —
80 - 400 800 2 —
80 400 - — 2 3
80 - - 800 2 3
80 400 - 800 2 3
150 400 - - 2 -
150 — — 800 2 —
150 — 400 800 2 -

3.2.4 DRIFTS experiments

Samples for in situ DRIFTS (diffuse reflectance infrared Fourier transform spec-

troscopy) were pressed and sieved to a particle size of 60-80 mesh. Approximately
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50mg of each sample were loaded into a high temperature reaction chamber (Har-
rick Praying Mantis”™) equipped with KBr windows. For spectral measurements a
Nicolet 6700 FTIR spectrometer equipped with a liquid N9 cooled MCT detector was
used, and a type-K thermocouple under the sample stage was used to monitor the
cell temperature. DRIFTS spectra were collected at a range of 4000-650cm ™! with a
resolution of 4cm ™!, using Kubelka-Munk units for intensity. For each experiment,
the sample was first pretreated at 500°C with 5% Og in He for 1h before cooling to
80°C. Once the reactor temperature was steady, a background spectrum was collected
and then subtracted out for each spectrum collected during adsorption. Adsorption
experiments were initiated using a feed of 400 ppm NO and/or 800 ppm C3Hg with
2% O9 in a balance of He at a total flowrate of 50sccm. The adsorption feed mixture
was held for 1h and a 64-scan spectrum was collected continuously for the duration

of the experiment.

3.3 Results and Discussion

3.3.1 Performance evaluation metrics

To evaluate the Pd-BEA catalyst, we measured several performance metrics us-
ing uptake and release data. Here we report NO, and C3Hg uptake as pmole
adsorbate/g-cat (total washcoat). Note that there is a small fraction (10 wt.%) of
colloidal alumina binder in the washcoat, but we expect only a minor contribution to
the catalyst performance. Since NO uptake on Pd is desired, and although uptake
may also occur on unexchanged BAS, it is useful to report the moles NO, adsorbed
per mole Pd (NO/Pd). For a highly adsorbent catalyst, a value of NO/Pd at or exceed-
ing unity is desired; this means that on average one or more NO molecules adsorbs
on each well dispersed Pd cation moiety. A value less than unity implies that a frac-
tion of the Pd is agglomerated and/or ineffective in adsorbing NO. The coverage 0;

of NO, and C3Hg is defined as the moles of adsorbate i adsorbed per mole of storage
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site including both Pd and H", given by

~ foCiindt— [3Cidt

0:
! de+CH+

) (3.1)

where C; (C; ;) is the effluent (feed) concentration of species i in ppm while Cpy and
Cyg+ are the concentrations of Pd-exchanged and unexchanged BAS in the zeolite
framework. The cumulative trapping efficiency nr is the percentage of NO, or CsHg

fed that is trapped at temperature T during uptake time 7 as

fOT CNoxdt

nr(1) =100 x |1- =0 N0 |
Jo Cno,.indt

(3.2)
The effectiveness of an LHCNT material is also assessed by the percentage of trapped

NO, that is released above a prescribed temperature T(°C) during the temperature

ramp, given by
j‘gfinal CNOxdT

dr =100 x
T ina
Jr0." Cno AT

. (3.3)

In this study we report dggo values as 200°C is the nominal threshold temperature
above which a downstream SCR is active. In addition to quantifying the overall
desorption that occurs above 200°C, we also report the selectivity S; of the desorbing

species,

T ina
ngdleidT

j‘Tfinal CTdT

Tads

S; =100 * , (3.4)

where C; is the concentration of the desorbing species i and Cr is the total concentra-
tion of all desorbing species on the same basis (N-1 or C-1). These metrics are useful
in defining a standard for catalyst evaluation in this work and are used throughout

the rest of the chapter.
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3.3.2 NO adsorption with O,

To assess the performance of Pd-BEA with respect to the first LHCNT function,
NO, adsorption, several baseline experiments were carried out using a simple feed
of 400 ppm NO and 2% Os at three adsorption temperatures (50, 80, and 150 °C).
Each uptake profile (Figs. 3.2a, A.2a, A.2b) exhibits a short period where no NO, is
detected, followed by a longer period of monotonically increasing NO, effluent con-
centration that eventually approaches the feed concentration. The period of complete
NO, storage is 10, 2, and 0 s, respectively, for 50, 80, and 150 °C. The protracted ap-
proach to the 400 ppm feed concentration indicates a gradual saturation of storage
sites. For these experiments, site saturation was only reached during the 300s stor-
age period for the 150°C case (Fig. A.2b), suggesting that the uptake has an even
longer saturation time at lower adsorption temperatures. Accordingly, storage effi-
ciency 1300 (27%, 21%, and 7%) and total storage (184, 160, and 36 umol NO,/g-cat)
decrease with increasing temperature. Table 3.2 provides the detailed quantified
uptake and release values for all experiments (umol/g-cat, NO/Pd, On0_, 1300, and
d200)-

Table 3.2: NO adsorption and desorption metrics (NO only)

T. .. (°C) Details NO Ads. NO Ads. NOy Des. d
ads (umol/g-cat) (mol NO,/mol Pd) (umol/g-cat) O+ "INOxao0) €200
50 - 184 0.981 179 0.225 27% 48%
80 - 160 0.853 183 0.195 21% 52%
80 3% HoO 31 0.167 34 0.038 5% 75%
80 400ppm NOg 223 1.185 228 0.271 32% 77%
150 - 36 0.192 40 0.044 7% 96%

During uptake most of the effluent NO, was composed of NO, but between 10
and 18 ppm NOg was detected. The NOg was higher than the 4 ppm detected in
the bypass (~1% impurity of the feed NO, concentration). While the measured NOg
effluent concentration is relatively small compared to NO, the apparent concentra-
tion is a manifestation of its generation and uptake rates. In other words, the total

NO; generated during the NO uptake may be higher due to low-temperature NOo
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Figure 3.2: (a) Effluent NO,, NO, and NOy during adsorption for 300s at 80°C for a
feed of 400ppm NO, 2% Oa. (b) Corresponding desorption curves vs. feed
temperature during TPD at 20°C/min following adsorption of (a).

adsorption. The formation of NOg is most likely caused by NO oxidation via several
potential mechanisms. Earlier literature studies, albeit using Pd-ZSM-5, suggest
that NO uptake involves the reduction of two Pd?* to two Pd*, generating NOy ac-
63,93

cording to

2[PdOH]"Z™ + NO < 2Pd*Z™ + NOg + H2O. (3.5)

Additionally, a recent DFT study on Pd-BEA by Mei et al.¢ suggests that NO oxi-
dizes to NOy through the reduction of Z"H*[PdOJH*Z" (isolated PdO) to Pd’, or of
Z~[Pd-O-Pd]?>*Z~ (exchanged Pd cation) to form two Pd™ sites, one of which adsorbs
NOg;. This result is consistent with our analysis that NOy binds to the surface, lead-
ing to less NOg elution. As mentioned in the Experimental section, we performed
CO-chemisorption on the Pd-BEA catalyst, which likely reduced PdO to Pd during
Hy pretreatment, and obtained a dispersion value of 20%. These PdO particles may
also oxidize NO. Additionally, the homogeneous oxidation of NO to NO2 may occur

within the nanopores of the zeolite framework, even in the absence of Pd, given by

2NO + Og < 2NOa. (3.6)
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Lobo and coworkers reported such low temperature homogeneous NO oxidation in
various zeolites. 191192 We have confirmed comparable oxidation rates with H-ZSM-5
(Si/Al = 15) in work to be reported elsewhere. Once generated, NOg may undergo
a series of coupling and disproportionation reactions that lead to the adsorption of

NO, on the BAS in the form of nitrates as follows: ?4101,102

2NOg < N3Oy, 3.7)
NoOy4 — NO* + NO;, (3.8)

and
H'Z  +NO' + NO; —NO*Z™ + HNOs. (3.9)

To probe the affinity for NOg to adsorb on Pd-BEA, we performed a similar exper-
iment using 400 ppm NOg rather than NO (Fig. 3.3). Comparing the results for 80°C
adsorption of NO, the uptake of NOy was found to be 223 umol NO,/g-cat, a 40%
increase from the NO feed. This increase is likely due to the increased affinity of
NOs to form stable surface complexes in the zeolite pores.?* Unlike for the NO feed,
for which NOg production steadily increases during the uptake duration, Fig. 3.3a
shows a maximum NO formation, suggesting that NOg is reduced to NO through
rxn. 3.9, the rate of which is dependent on the available fraction of BAS.

To further understand the NO adsorption features, we looked at the desorption
profiles for each experiment, plotted as a function of feed temperature (Figs. 3.2b,
A.2c, A.2d). Each profile has multiple peaks, indicating several adsorption sites with
different binding strengths. The 50°C (Fig. A.2¢) and 80°C (Fig. 3.2b) desorption
profiles have four peaks while the 150°C (Fig. A.2d) desorption profile has two. These
peak temperatures occur over various finite ranges, including T; (150°C-250°C), T;r
(275-350°C), Trr1 (350-400°C), and Ty (400—-450°C). Comparison of the fraction of

stronger held NO, as measured by the dggg (Table 3.2) for the NO feed shows an
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Figure 3.3: (a) Effluent NO,, NO, NOg, and N9O during 80°C adsorption with
400ppm NOg, 2% O4. (b) Corresponding desorption profiles vs. feed tem-
perature during TPD at 20°C/min following adsorption of (a).

increase from 48% for the 50°C uptake experiment, to 52% for the 80°C uptake, to
95% for the 150°C uptake. The dggy value at 150°C is higher than at lower uptake
temperatures because of the lower equilibrium coverage (during uptake) of weakly
bound NO. This is an important parameter to identify when interpreting the LHCNT
performance because it represents the effectiveness of the PNA function in practice.

To provide a more accurate identification of the surface species leading to these
desorption peaks, we performed DRIFTS experiments using H-BEA and 2wt% Pd-
BEA (Fig. 3.4). Separate one-hour exposures of each sample were conducted at 80°C
using a feed composed of 400 ppm NO, 2% Oq, bal. He. After one hour the spectra
did not indicate any notable temporal changes to the peak frequencies. Based on
previous literature results, we assign the broad peak at ~2100cm™! to NO* on the
BAS 193 with possible contribution of a cationic NO* complex with NOs as shown in

the following reaction:53:67.94,104

NO*Z™ +NOg — (NO*NO,)Z". (3.10)

The adsorbed complex is formed through interactions of NO with the BAS and NOg

that is formed during low temperature NO oxidation. The smaller, narrower peaks
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Figure 3.4: DRIFTS spectra for H-BEA and 2wt% Pd-BEA exposed to 400ppm NO,
2% Og, bal. He at 80°C.

are evidence for adsorption and reaction on protonated and Pd-exchanged sites. The
peak at 1950cm™!, which is present for both the H-BEA and Pd-BEA samples, is
evidence for the formation of gas phase N9Ogs that is produced through coupling of

NO and NOy within the zeolite given by %7103

The impregnated Pd-BEA sample exhibits two additional sharp peaks at 1880
and 1840 cm™!, which we assign to NO bound to Pd cations as nitrosyl complexes. %3
The peak assignment at 1620cm™! is less clear. It has been attributed to NO ad-
sorbed on Pd° crystallites,'% but this is not likely given the presence of 2% O in
the feed that would oxidize Pd° to PdO, which does not adsorb NO very strongly. 5062

It has also been attributed to NOg bound to Pd, %6 or to bidentate nitrate formation

stabilized by Pd, 193 given by
NOj +Pd*Z™ — (0;NO) Pd**Z". (3.12)
These assignments are made to sites involving Pd since the 1620 cm™! stretch is not
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seen during NO uptake on H-BEA zeolite. On the other hand, the peak at 1770 cm™!
appears for both Pd/BEA and H-BEA, and is attributed to N2O4 adsorbed on the
BAS. 19 These peak identifications support our earlier conclusions that a number of
stable surface species are formed as NO adsorbs on the Pd and BAS.

Based on the DRIFTS spectral analysis, the gas phase NO and NOg peaks that
emerge during temperature-programmed desorption are more easily identified (Fig.
3.2b). The first peak encountered during TPD after the 50 and 80 °C uptakes (T} ~
150-170 °C) are assigned to NO and NOg desorbing from the BAS. This is supported
by the nearly 1:1 ratio of NOg to NO of the first peak, indicating the decomposition
of NoOs, rxn. 3.11.103 In experiments with HoO in the feed the NO and NOy peaks
(or overall peak Tj) are more than 75% suppressed. That is, adsorption of HoO onto
BAS inhibits NOg formation and sorption of NO and NOs. The effects of HoO are
discussed in more detail below.

The second peak (T;; ~ 275-350°C) only consists of NOg, suggesting nitrate de-
composition from the BAS or Pd. We have conducted concurrent experiments (not
reported here) that establish the existence of two desorption peaks on the protonated
zeolite H-ZSM-5, the second of which occurs around 300°C and is composed of only
NO;. The sample devoid of Pd provides strong evidence for formation of NOg by the
BAS.

The third and fourth peaks (Fig. 3.2b), T;;7 (350-400°C) and Ty (400—450°C),

are attributed to the desorption of NO from Pd* or Pd?*, i.e.,

NO+Pd*Z —~NO-Pd*Z"~ (3.13)

and

NO+Z Pd**Z™ —Z (NO-Pd**)Z". (3.14)

The NO, peak is mostly NOy at lower temperature (T77;7) but shifts to NO at higher
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temperature (T7y). This selectivity shift could be due to Pd-catalyzed NO oxidation,
which is favorable at lower temperatures, and NOy decomposition at elevated tem-
peratures. The desorption peaks for the 150°C uptake experiment (Fig. A.2d) are
more difficult to identify due to the decreased adsorption capacity at this higher tem-
perature. Nevertheless, it is expected that while adsorption on the BAS is reduced,
adsorption on Pd is comparable to that at lower temperatures due to the higher sta-
bility of the sorbed NO.

If we compare the desorption profiles for the NO feed (Fig. 3.2b) to the NO; feed
(Fig. 3.3b), we note three peaks for the latter: 160, 350, and 430 °C. In this case, most
of the desorbing NO, consists of NOg, suggesting that NO formation under these
conditions is not favored, except for the nitrosonium ion formed by disproportionation
in rxn. 3.9. The first peak is therefore desorption of NOy from the NO*NOy complex
formed in rxn. 3.10.1% The second peak is likely due to the subsequent desorption of
NO*Z™ reacting with the more stable HNO3 in the pores to give NOs (rxns. 3.7-3.9).
Above 350°C, there is a small peak of NO that forms, likely due to decomposition of
NOs on the Pd. Because there is more NOy present in this feed, there is an increased
formation of nitrates (T;7), leading to 77% NO, desorption above 200°C. In contrast,
the NO-feed experiment has a dggg of 52%. From these experiments we conclude that
NO uptake on Pd-BEA adsorbs on both BAS and Pd, although the exact oxidation

states of Pd cannot be ascertained.
3.3.3 C3Hg adsorption

To understand the HC uptake and release performance of Pd-BEA, experiments
were conducted with 800 ppm CsHg, 2% Og for three different uptake temperatures
(50, 80, and 150 °C, Fig. 3.5). Table 3.3 provides the measured uptake metrics for
each case, including 3% water at 80°C. The data show that the CsHg breakthrough
times decrease with temperature, as would be expected for a conventional adsorp-

tion process. However, the adsorption profiles show two extrema. For example, after
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breakthrough in the 150°C profile there is a sharp increase in the effluent concen-
tration to a local maximum (~610 ppm). The concentration then decreases to a local
minimum (~410 ppm) before increasing again as the storage sites become saturated.
For the dry experiments the effluent C3Hg concentration approaches ~75% of the
800 ppm feed value after 300s. Longer uptake experiments (not shown here) indi-
cate that up to one hour of CgHg exposure is required to achieve complete saturation
of the storage sites.

The local minimum suggests additional C3Hg uptake occurs via the coupling of
adsorbed C3Hg upon adsorption onto the BAS. Previous studies have explained the
oligomerization of C3Hg on acidic zeolites to form higher alkane chains.07-110 The

following set of reactions are representative although far from inclusive:

H*Z™ +H;3C(CH) = CHy — [HsC*(CH)CH3] " Z, (3.15)

H3C(CH) = CH, + [H3C*(CH)CH3] " Z™ —
(3.16)

[H3C(CHy)(CHy)(H2C)(CH)* (CH3)| " Z7,

and

2[H3C*(CH)CHs| " Z~ — [H3C(CHy)(CHy) (H2C)(CH)* (CH3)] "Z~ +H*Z™. (3.17)

Table 3.3: C3Hg adsorption and desorption metrics

CgHe Ads.
(umol/g-cat)

Teqs (°C)  Details OcsHs  TMC3He(300) ScsHg Sco  Sco, SHC

50 - 857 1.05 58% 1.5% 05% 41% 57%
80 - 826 1.01 59% 14% 0.6% 49% 49%
80 3% Ho0 155 0.19 20% 53% 0.6% 71% 23%
150 - 271 0.33 30% 0% 0% 100% 0%

Reaction 3.15 describes the adsorption of C3Hg onto a single BAS forming a C3 carbo-

cation. In rxn. 3.16 C3Hg adds to an existing Cg carbocation to form a Cg carbocation.
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Figure 3.5: Transient adsorption profiles of C3Hg during 300s adsorption at 50, 80,
and 150 °C for a feed of 800 ppm CsHg, 2% Os. For the 150°C adsorption
experiment, effluent HC signal (C; basis) is also shown.

Reaction 3.17 describes an alternative path to a Cg carbocation from the combination
of two neighboring carbocations, which frees up an acid site for additional adsorption
or reaction. The latter two paths can repeat, leading to a longer surface carboca-
tion, with the extent constrained by the size of the zeolite pores and the number of
available BAS. In fact, the estimated fractional coverage 0¢,q, for lower temperature
(50, 80°C) C3Hg uptake (Table 3.3) exceeds unity even though the effluent does not
exhibit saturation. For a longer saturation time of 2000s, the fractional coverage is
1.62. This suggests that either sorption sites other than BAS (rxns. 3.16 and 3.17)
participate in the uptake or that multilayer adsorption occurs. The adsorption of
C3Hg onto the Pd cations is certainly expected.

To further demonstrate the existence of these reactions during uptake, the 150°C
profile (Fig. 3.5) reveals that HCs other than C3Hg are detected in the effluent as
indicated by the curve labeled “150°C HC”. The “HC” signal is a combined signal
on a C; basis and includes C3-Cg alkanes formed during uptake. [Note: Due to
the complexity of the oligomer distribution formed during adsorption, the HC signal

accounts for overlap of the spectral regions of each hydrocarbon with some error
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(Fig. A.3).] The relative maximum in the C3Hg profile occurs at about the same
time (~30s) as the appearance of the HC species, and the relative minimum in the
CsHg profile is concurrent with the maximum in the HC curve. These data indicate
that 150°C is high enough for both oligomerization and desorption to occur, leading
to an increase in the C3Hg uptake as adsorption sites are freed up. Eventually the
desorption of HC species reaches a maximum and then subsides, which is consistent
with an increasing concentration of C3Hg.

DRIFTS measurements provide further support for the oligomerization pathways
described above. Steady state DRIFTS spectra were acquired for H-BEA and 2wt%
Pd-BEA samples using a one-hour exposure of C3Hg and O9 at 80°C (Fig. 3.6). The
set of larger peaks at 2950, 2910, and 2850 cm™! are associated with C-H stretches
of the CHy group of adsorbed HC species, which are likely present as long-chain
alkanes formed during C3Hg coupling. 1! The smaller peaks between 1100 and 1300

I are associated with bending of the CHy and CHjs groups of these hydrocarbons

cm
(Fig. 3.6b). Additionally, these peaks are evident in both Pd-BEA and H-BEA spectra,
as well as in the presence of NO in the feed.

The corresponding desorption profiles for each adsorption experiment provide a
more detailed distribution of the oligomerization products. In addition to the adsorp-
tion metrics for each experiment, Table 3.3 includes the selectivity of HC, CO9, CO,
and C3Hg during desorption, calculated by converting each to a C; basis. From 80°C
up to 225°C, CsHg and coupling products including C3Hg, C5H2, and longer HC
chains are released (Fig. 3.7). As the temperature surpasses 200°C, partial oxidation
of these species leads to CO formation, as well as a large peak of COy that is 97% de-
pleted by 400°C. Only 1.4% of the desorbing products consists of C3Hg, indicating the
extensive oligomerization that occurs on the acidic zeolite surface. While the 50°C

uptake TPD profile (Fig. A.4a) exhibits a similar release of coupled products, the

150°C uptake TPD (Fig. A.4b) shows no evidence for coupling beyond that formed
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Figure 3.6: (a) DRIFTS spectra for H-BEA and 2wt% Pd-BEA exposed to 800 ppm
CsHg, 2% Og9, bal. He at 80°C and a spectrum for a feed of 400 ppm NO,
800 ppm C3Hg, 2% O9, bal. He on 2wt% Pd-BEA. (b) inset figure for (a).

during adsorption. The only observed product species is CO2. Because all coupled
products (and unreacted C3Hg) desorb at temperatures below 250°C, it is important
to consider this feature when assessing LHCNT performance. Long chain hydrocar-
bons account for up to 60% of all desorbing species, further highlighting the need to
address their formation when considering LHCNT performance and design.

As an additional probe towards understanding the desorption and coupling be-
havior of CgHg, we conducted variable adsorption duration experiments. We add
that such an experiment is practically relevant. The same feed was used in each ex-
periment (800 ppm C3sHg + 2% O9 at 80°C), but the storage time was varied between
18 and 300s. For each experiment, the amount of CgHg adsorbed and COy and HC
desorbed were calculated and plotted relative to a 300s transient C3Hg adsorption

profile (Fig. 3.8). While the amounts of trapped C3Hg and generated COs increase
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Figure 3.7: Corresponding desorption profiles vs. feed temperature following 80°C
adsorption of 800 ppm CgHg, 2% Oo. TPD rate was 20°C/min with 2%
O9, bal. Ar. CO9 and HC are scaled down by a factor of 10.

monotonically with storage time, HCs were not detected until the 98s uptake exper-
iment (Fig. A.5b). Note that at 37s (the local maximum), there is no HC formation
because the CgHg coverage is too low for measurable oligomerization (Fig. A.5a). In
other words, the initial adsorption mechanism probably follows rxn. 3.15, while ad-
ditional uptake drives rxns. 3.16 and 3.17. This observation is consistent with the
desorption profiles in which very little C3Hg desorbs. Therefore, in order to curtail

the formation of HCs, the storage time should be shortened.
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Figure 3.8: Variable storage time experiments for a feed of 800 ppm CsHg, 2% Os.
C3Hg adsorption profile for 300s storage is overlapped with values of ad-
sorbed C3Hg, desorbed CO9 and HC.
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3.3.4 Combined adsorption of NO and C3Hg

To assess the ability of the LHCNT to adsorb multiple species and to understand
how the individual uptake and release features are impacted by the presence of the
other species, experiments were conducted for a feed containing both NO and C3Hg.
Uptake performance metrics are reported in Tables 3.4 and 3.5 for NO and C3Hg
uptake/release, respectively, for a variety of conditions. These values are useful in
comparing the behavior of Pd-BEA across the various feeds.

Table 3.4: NO adsorption and desorption metrics (NO+C3sHg)

o . NO Ads. NO Ads. NOjy Des.
Taas CC) Details (umol/g-cat) (mol NO,/mol Pd) (umol/g-cat) N0, MNOs  d200
50 - 83 0.44 59 0.10 13% 83%
80 - 61 0.32 37 0.07 9.8% 86%
80 3% Ho0 23 0.13 25 0.03 7% 93%
80 400ppm CgHg 88 0.47 63 0.11 13% 74%
80 NOg 287 1.53 206 0.35 40% 88%
150 - 26 0.14 17 0.03 5% 95%

Table 3.5: C3Hg adsorption and desorption metrics (NO + C3Hg)

C3H6 Ads.
(umol/g-cat)

Tyuas (°C) Details Oc,Hs MC3He(300) ScsHy Sco  Sco, SHe

50 - 768 0.94 53% 2.8% 0.95% 38% 58%
80 - 832 1.02 57% 21% 0.8% 36% 61%
80 3% Ho0 63 0.05 14% 35% 09% 64% 0%
80 400ppm CgHg 494 0.60 42% 15% 09% 56% 42%
80 NOg 442 0.54 30% 22% 2.1% 86% 9%
150 - 321 0.392 30% 0% 0%  100% 0%

Data for the combined uptake and release experiment featuring the baseline con-
dition of 80°C adsorption with 400 ppm NO and 800 ppm CsHg in 2% Oq are illus-
trated in Fig. 3.9. In addition to the concentration of various species, the feed and
catalyst temperatures are also plotted. Like the profiles without C3Hg (Fig. 3.2),
NO breakthrough is followed by a monotonic increase in the NO concentration (Fig.
3.9b). However, there is a notable decrease in NO,, storage efficiency from 21% to
10%, indicating inhibition of NO, adsorption. There is also a negligible level of NOg

during the uptake and a small but measurable formation of N9O. The adsorption
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efficiency of CsHg exhibits a 2% decrease to 57% and maintains a high adsorption
capacity with continued evidence for coupling. Below 200°C, the primary desorbing
species include NO (Fig. 3.9c) and HC, after which small amounts of CO and CsHg
are released (Fig. 3.9¢). Just above 250°C, a large peak of COq is formed, concurrent
with a small NoO peak and a 25°C exotherm in the catalyst temperature. As the
feed temperature surpasses 275°C, NO steadily desorbs and the CO9 concentration

tapers to zero.
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Figure 3.9: (a) Transient profiles for 400 ppm NO, 800 ppm CgHg, 2% Os at
2500scecm. (b) Effluent concentrations of NO, and N2O during adsorp-
tion. (c) Corresponding TPD profile.

To better understand the lack of NOg formed during uptake in the presence of
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C3Hg, experiments were conducted using NOg in place of NO in the feed at 80°C (F'ig.
3.10). The presence of C3Hg leads to a 29% increase in NO, uptake when compared to
the NOq-only feed (Fig. 3.3a), and a significant, 473% increase compared to the NO +
C3Hg feed (Fig. 3.9b). There is strong evidence for low-temperature reduction of NOg
to NO indicated by the large amount of NO formed at the start of the uptake along
with some N3O. Li et al.!!2 showed that the acidity of NaY zeolite, which has the
same pore limiting diameter as BEA (6.7A), is capable of NOg reduction by C3Hg at
room temperature; our results show a similar trend. During adsorption with C3Hg,
NOy disproportionation proceeds as in reactions R3—R5 to form nitrosonium and
nitrate ions. The nitrosonium ions react with C3Hg in the BEA pores through an
electron transfer mechanism to produce neutral NO and a propylene radical cation

via the following reaction:

NO* + C3H6 — [C3H6].+ +NO. (3.18)
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Figure 3.10: Effluent concentrations of NO, and N2O during adsorption for 300s at
80°C for a feed of 400 ppm NOg, 800 ppm CsHg, 2% O at 2500sccm.

Based on the large NO elution during uptake (Fig. 3.10), the NO formed by reaction
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R14 likely does not adsorb on BAS, but does adsorb on Pd. The nitrate ions then
react with the radical and BAS to from organic nitro complexes and HsO according

to the reaction

NO; + [03H6].+ +H'Z — 03H5N02 + Hzo +7". (3.19)

In fact, there is a sustained release of HoO during co-adsorption of NOg and CsHg,
supporting the chemistry described here. We rule out C3Hg oxidation because there
is no detection of CO or COg during uptake. Simultaneously, the C3Hg radicals can

react with empty acid sites produced by rxn. 3.19 according to

[CgHG].+ +7Z" — C3HgZ_. (3.20)

Because the NOy + CsHg reactions are faster than the coupling rxns. 3.16 and 3.17,
a 47% decrease in C3Hg uptake from 832 to 442 umol/g-cat is observed. In other
words, C3Hg coupling competes with NOg uptake on BAS. We conclude that any NOgo
that forms in the case of NO + C3Hg is either co-adsorbed with CgHg through stable
surface complexes or is reduced to NO or N5O.

Additionally, residual NOg reduction to NO can occur on Pd via CsHg oxidation
and may explain the minor amount of N2O formed during uptake. There is also a
minor amount of NoO formation at each of the three uptake temperatures for the
NO + C3Hg feed (Fig. 3.9¢, A.6a, A.6b). This is likely a byproduct of NO, reduction,
which has been reported to occur on Pt even in the presence of Og.7%113 NyO forma-
tion is commonly encountered during lean NO, reduction by hydrocarbons at higher
temperatures, so this residual amount is expected. 1”114

The corresponding desorption profiles for the combined feed of C3Hg and NO in-
troduce several new features (Figs. 3.9c, A.6¢c, A.6d). Because of the lower NO,

uptake in the presence of the inhibiting C3Hg, the total amount of desorbing NO,
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is lower (61 vs. 160 umol NO,/g-cat), but 86% of the NO that is trapped is released
above 200°C. Two rather sharp NO peaks are encountered for the 50 and 80 °C cases.
These contrast with the smoother NO, desorption profile comprising a large, low
temperature peak and a broad, higher temperature peak for the simpler feed (Fig.
3.2a). The first peak commences near the uptake temperature and has a maximum at
~190°C, and is smaller than the second peak at ~260°C. The second peak is unique to
the co-adsorption experiment, and it occurs concurrently with the generation of NoO
and the localized temperature excursion (Fig. 3.9a). This increase in temperature is
caused by the oxidation of HCs and leads to a rapid increase in the desorption rate
and a sharp desorption peak. A third broad peak starting at ~300°C monotonically
decreases out to 500°C. Comparing Fig. 3.9c¢ to 3.2b, the lower temperature peak
(T7) is suppressed, which supports our earlier assignment of the lower temperature
NO, peak to a zeolitic acid site; with a stronger affinity for the BAS, C3Hg inhibits
NO adsorption. While suppressing NO uptake at lower temperature, the presence
of C3Hg leads to a moderate shift in the NO, desorption temperature of T; from 150
to 190 °C. Adsorbed C3Hg may inhibit the transport of desorbing NO or may block
adsorption at lower temperature sites, causing the NO to reside at more thermally
stable binding sites. The intensity of the broad third NO, peak is much less impacted
by the C3Hg because NO strongly adsorbs on Pd, which is not as inhibited by C3Hg.
The appearance of NoO and lack of NOg during desorption are manifestations
of CsHg oxidation. The notable NoO peak that occurs at ~250°C is consistent with
the aforementioned lean NO, reduction on precious metal catalysts, which exhibits a
maximum rate of formation at intermediate temperatures (200-300 °C).33 The des-
orption profile for the 150°C uptake experiment (Fig. A.6d) has no low temperature
peak, and there is less NoO formation, likely due to the decreased adsorption capac-
ity. As shown in Table 3.4, there is up to 30% discrepancy between the calculated

adsorbed NO, and desorbed NO, + N2O (N basis), suggesting that the remaining
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nitrogen is accounted for by Ny formation.

A comparison of the CsHg uptake with NO (Fig. A.7) to without NO (Fig. 3.5)
reveals a much smaller inhibition of C3Hg uptake by NO, which is also evidenced
by the adsorption metrics in Tables 3.3 and 3.5. Only minor differences are seen in
the nonmonotonic features associated with coupled CsHg uptake and oligomeriza-
tion. However, in the presence of NOg9, the C3Hg profile consists of 9% HC and 86%
COg (Table 3.5), indicating that the NOg does indeed inhibit the rate of C3Hg cou-
pling. In the presence of NO the coupling is unaffected, resulting in up to 60% HC
formation. Additionally, the desorption profiles with NO (Fig. A.7) compared to with-
out NO (Fig. 3.7, A.4) show minimal impact on the HC distribution based on high
HC and COg yields. While C3Hg largely impacts NO uptake, there is little effect of
NO on C3Hg uptake on Pd-BEA.

To further probe the effect of C3sHg on NO uptake, the concentration of C3Hg was
reduced from 800 to 400 ppm (Fig. 3.11). This resulted in increased NO, storage
efficiency from 9.8% to 13.3%, which is undoubtedly a result of the reduced concen-
tration of the inhibiting C3Hg. The intensity of the first desorption peak is much
larger, confirming that the first peak is affected by the presence of C3Hg (Fig. 3.11b).
This observation further supports the assignment of the first peak to NO storing on
the BAS. Regarding the other NO, desorption peaks, the temperature of the sharp
peak (250°C) and the shoulder (390°C) do not change between the two cases, but the
magnitudes slightly increase in the reduced concentration case. This would indicate
that C3Hg can also impact NO adsorption on Pd, either due diffusional limitations
created by the coupling products or because of adsorption of C3Hg on Pd. We there-
fore conclude that the lesser the concentration of inhibiting HCs in the feed, the

higher the uptake of NO.
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Figure 3.11: (a) Effluent NO, and N9O during 80°C adsorption for a feed of 400 ppm
NO, 400 ppm C3Hg, 2% O9 at 2500scecm and (b) corresponding TPD pro-
file.

3.3.5 Adsorption of NO and CsHg with H.O

Vehicle exhaust contains high levels of HoO, making it imperative to assess its
impact. The addition of 3% HsO is significantly detrimental for both NO, and C3Hg
uptake at 80°C. The NO, trapping efficiency decreases from 21.1% in the absence of
H>0 to 4.8% in its presence (Table 3.2, Fig. 3.12a), while the CgHg trapping efficiency
decreases from 59% to 20% (Table 3.3, Fig. 3.12b). Zeolites with sufficiently low SAR
are known to be effective in adsorbing water in the form of H30" on protonated sites
according to

H20+H+Z_ > [H30]+Z_, (3.21)

so these findings are expected. 11°

The inhibition of NO is mainly due to the competitive adsorption on the BAS, but
the HoO uptake may also hinder access to Pd ion exchange sites.8” Further evidence
of the HoO inhibition is apparent in the NOgy profile (Fig. 3.12a), which exhibits
its highest concentration just as NO breakthrough occurs. This indicates that the
H30 has a higher affinity for the BAS than does NOg, preventing NOy adsorption.
Because the H20 blocks the BAS, any NOg that forms during this uptake experiment

is likely caused by reduction of Pd, and not by the BAS. While the amount of adsorbed
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Figure 3.12: (a) NO, adsorption profiles with (solid line) and without (dotted lines)
3% H20 at 80°C (2% O2, 400 ppm NO). (b) C3sHg adsorption profiles with
and without HyO. (¢) NO, TPD (400 ppm NO, 800 ppm C3Hg, 3% H20).
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NO, on the BAS is limited in the presence of water, desorption is delayed, with 75%
desorbing above 200°C (Table 3.2).

A similar inhibitive effect of HoO is seen on CgHg adsorption (Fig. 3.12b). Again,
strong inhibition by HO is apparent, which results in an 81% decrease in storage
efficiency of propylene. The desorption profile contains 5% CsHg, 71% COq, and 23%
HC, indicating that the presence of HoO reduces the coupling rate by blocking a large
fraction of BAS. This phenomenon is also observed in the transient adsorption profile
in which the profile for the wet experiment does not show the concentration decrease
after the initial uptake. In fact, we see that the initial uptake regime for each case is
identical, suggesting that a fraction of C3Hg adsorption sites is not inhibited by HoO.

In a co-adsorption experiment of NO, CsHg, and H5O, the adsorption of both NO
and CgHg is further suppressed, leading to a 27% and 59% decrease in storage effi-
ciency, respectively (Table 3.4 and 3.5). The reduction of NO uptake is expectedly due
to increased inhibition by C3Hg. The decrease in CgHg uptake is likely due to a com-
bination of HyO preventing HC coupling reactions and the inhibiting effect of NOg
that is released during initial uptake (Fig. 3.12a). During uptake of C3Hg and NO in
the presence of HoO, the NOg peak is not present, suggesting its reaction with C3Hg
as in reactions R14 and R15. This is further evidenced by the lack of coupled prod-
ucts desorbing from the wet (0%) or NOs (~9%) feeds (Table 5). During desorption,
the first NO desorption peak that occurs around 200°C without H2O is non-existent,
and two peaks instead occur at 268 and 412 °C (Fig. 3.12¢). The lack of the first peak,
which we suggest is due to the dissociation of N3Og3 indicates that HoO prevents the

disproportionation of NOs, and instead forms HNOs according to 194116

3NO3 + HyO — 2HNO3 + NO, (3.22)

which most likely adsorbs on Pd in the presence of HoO. The desorbing NO at T;

would therefore be attributed to HNO3 decomposition, and T;; is likely NO nitrosyl

89



stored on Pd. The dggg in the presence of water increased from 86 to 93 %, indicating
that while inhibition of adsorption on the BAS is detrimental to the storage capacity

of the catalyst, it is advantageous in delaying desorption to higher temperatures.
3.3.6 Discussion of coupling effects

We have thus far presented a detailed analysis of the combined NO and C3sHg
uptake and release on Pd-BEA for both dry conditions and in the presence of HyO.
The multi-functional effectiveness of the Pd-BEA requires evaluation of coupling ef-
fects of each of the three adsorbing species (NO,, CsHg, and HyO). The data show
that Pd-BEA is limited in its ability to trap NO in the presence of either CgHg or
H3O. This is mainly due to CsHg and H2O uptake on the BAS and Pd, inhibiting NO
uptake. However, the NO that does adsorb has a dggy value of >80% in the pres-
ence of the inhibiting species, indicating that NO adsorption on Pd is more stable
than on the BAS. Studies have shown that certain species such as CoH4 and CO can
enhance NO uptake on Pd-zeolite materials in the presence of HoO. One potential
mechanism is an enhanced reduction of Pd(II) to Pd(I) by the reductant, leading to
a larger fraction of the latter that may bind NO more strongly. Another explanation
is attributed to the formation of an NO-R complex on the Pd sites that prevents HoO
adsorption. 6%-67.117

While the exact details of this phenomenon is a part of an active ongoing debate,
the predominant mechanism may depend on a number of factors including the Pd
loading and the zeolite structure (i.e., BEA vs. SSZ-13). Concurrent PNA studies
in our research group with Pd-exchanged SSZ-13, a small pore zeolite, show much
higher NO uptake with NO:Pd ~1 in the presence of HoO, CO, and CoH4, which will
be reported in a later work. In the present work, however, we do not observe en-
hancement of NO uptake using C3Hg. We believe that C3Hg molecules may be too
large to allow for the co-adsorption of NO on Pd, and instead may lead to diffusional

limitations. We do however note the increased adsorption of NOs in the presence of
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CsHg, although this benefit is primarily due to BAS interactions and not Pd. As a
CsHg trap, Pd-BEA is extremely effective in the absence of water, as indicated by the
high storage amount relative to the total number of active sites. This is due to the
coupling effect of C3Hg that effectively increases the number of storage sites. The
presence of water, however, inhibits C3Hg adsorption by blocking BAS and limiting
oligomerization. Regarding its ability to oxidize Cg3Hg and reduce NO, the Pd-BEA
catalyst is somewhat effective. We have shown strong evidence for hydrocarbon re-
duction of NO and NOg during the TPD and found that above 225°C all desorbing
hydrocarbons are oxidized to CO9 regardless of the presence of NO in the feed.
Finally, regarding the stability of Pd-BEA, recent work by Gu et al. suggests that
certain reductants including Hy and CO can have a detrimental irreversible effect on
the state of Pd.'® While this type of investigation is beyond the scope of this work, it
is certainly important to address the long-term the stability of Pd on these materials

for practical use.

3.4 Conclusions

The effectiveness of a 2wt% Pd-BEA monolith sample as an LHCNT material
was examined through adsorption and desorption experiments in a flow reactor. The
data were evaluated in terms of the large number of adsorption steps and reactions
on the multiple site types comprising the Pd-BEA. The desorption profiles indicate
that there are at least three types of NO,, desorption peaks, and DRIFTS results were
used to confirm the existence of various moieties bound to the surface during adsorp-
tion. We show the existence of competitive adsorption between NO and C3Hg on BAS,
and a strong inhibitive effect of both species in the presence of HoO. However, it was
found that CsHg can delay NO desorption to higher temperatures due to diffusional
blockage and BAS adsorption inhibition. Compelling evidence was found that C3Hg
oligomerizes on the surface during adsorption, which leads to increased adsorption

on the BAS. In summary, Pd-BEA was found to exhibit a variety of interesting chem-
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ical interactions, enabling a deeper understanding of the co-uptake and assessment
of the integration of NO and HC trapping. This data could be used in conjunction
with a predictive model for coupled NO and hydrocarbon trapping to optimize the

design and operating strategies of the LHCNT.
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Chapter 4: NO + C3H; adsorption, release, and con-
version: LHCNT reactor model

This chapter describes a global kinetic model developed to predict various fea-
tures of the Pd-BEA LHCNT including NO and C3Hg adsorption, desorption, and
conversion. The model aims to capture as much detail as possible while reducing

computation time using a low dimensional formulation of a single monolith channel.

4.1 Introduction

Because low temperature NO, and HC trap materials are quickly gaining pop-
ularity in both the research and commercial communities for addressing NO, emis-
sions, it is important to fundamentally understand how these materials function.
Developing a predictive model for catalysts is useful for better understanding the
reaction mechanism, screening performance of new/improved materials, and for op-
timizing a catalytic system, thereby reducing experimental efforts. In the current
literature there has been no modeling work performed on PNA materials in combi-
nation with HCs. Ambast et al. recently developed a model for NO adsorption on
Pd/ZSM-5 with and without HoO in the feed.% As mentioned in Chapter 3, the exact
NO uptake mechanism is under debate. The general consensus is that NO uptake
proceeds through adsorption on the Bronsted acid sites (BAS) and highly dispersed
Pd cations, the distribution and oxidation state of which depend on the zeolite frame-
work and acidity. Given the mechanistic uncertainty in the exact model, multiple
kinetic models must be considered. The work by Ambast et al. describes a microki-
netic model for NO adsorption through two reaction schemes. Scheme I involves the
reduction of isolated Pd?* to Pd*, which bind NO (refer to Chapter 5, eqns. 5.1 and

5.2). In contrast, Scheme II involves the reduction of PdO,, particles to generate NOo
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and adsorb NO through the formation of nitrates. The study was able to success-
fully predict the NO uptake and release behavior for both schemes, underscoring the
challenge of settling on a single mechanism.

In this chapter we investigate the use a model to predict the behavior of the
Pd/BEA LHCNT using experimental data from Chapter 3. In that work, through a
combination of transient adsorption/desorption experiments and in situ DRIFTS, a
series of reactions was determined that can explain the observed performance fea-
tures of the catalyst. The primary objective is to use the experimental data to de-
velop a kinetic model that predicts the behavior of the PABEA for a variety of feed
conditions. The model serves as a foundation for building a more detailed and robust

model that can predict the performance of other LHCNT architectures and materials.

4.2 Experimental

A 2wt.% Pd/BEA coated monolith was used to generate data for model fitting and
parameter estimation. Chapter 3 outlines the preparation and details of the mono-
lith sample. Steady state and transient experiments were conducted in the vertical
quartz tube reactor. Experiments were conducted using a total flow rate of 2500sccm,
corresponding to a gas hourly space velocity (GHSV at STP) of 32k h™!. The catalyst
sample was degreened in 5% Oy at 600°C for 4h. Before each experiment, a sam-
ple pretreatment was conducted in 5% Oy at 500°C for 30 min, followed by sample
cooling under a flow of Ar to the desired adsorption temperature of 50, 80, or 150
°C. To begin the adsorption, the adsorbate feed was injected into the reactor using
an electronically actuated 4-way switching valve. The monolith was exposed to the
feed mixture for 300s, after which the adsorbate feed was switched off and the efflu-
ent concentrations were monitored until the NO and/or C3Hg concentration reached
zero, purging the catalyst of weakly adsorbed gases. Next, the desorption was ini-
tiated by ramping the temperature at a rate of 20 °C/min to 500°C in a flow of 2%
Oo.
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Temperature programmed oxidation experiments were conducted using a feed of
800 ppm C3Hg, 400 ppm NO or both with and without 3% H2O in the presence of
2% Oq. The feed was first established in the bypass, then followed by a switch to the
reactor and held under a constant flow until the catalyst was saturated and the outlet
concentration of NO or C3Hg reached the feed value. The furnace temperature was
then increased from 50 to 500 °C at a rate of 5 °C/min. Steady state experiments were
conducted in a similar fashion. While the concentration of the feed was stabilized in
the bypass, the furnace was set and maintained at a constant temperature for the
duration of the experiment. Once the reactor conditions were stable, the feed was
switched to the reactor and held constant until the measured outlet concentration

was steady.

4.3 Model development

A one-dimensional model was developed following that of Joshi et al. for the
LHCNT model. 11?121 This type of model is useful for describing a single monolith
channel with uniform catalyst distribution where a number of mass and energy bal-
ances are solved, each incorporating convection, diffusion, and reaction effects. The
equations to be solved comprise a system of partial differential equations as follows.

The fluid phase concentration of each species is represented by

Xir—Xis), 4.1
6t az RQl ( .]’f _],S) ( )
the washcoat concentration of each species as
0Xjs kmo(T) 1 (2
Eg 5 = .0 (Xj,f—Xj,s)'i'_ Z (8ini(9,XSaT))_Rads,j+Rdes,j s (4-2)
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the energy balance of the system, including the temperature of the fluid as

0Ty _0oT¢ h
=—-u - (Tf - Ts), (43)
ot 0z Rq,preprf
and of the washcoat as
oT 62T rxn
5pscp,sa—ts = 5/@3?; +h(Tr—Ts)+Ra, Y. (-AHn,iRi(0,X5),  (4.4)
i=1

and the site balance on the surface of the washcoat as

00, _ XiZh (0iRi(6,X,5))

= 4.5
ot CT,k (4.5)

For this model the following three types of active sites (Cr ) are defined: Cz, the
concentration of available BAS in the form Z*H™; Czpq0H, the Pd-exchanged sites
on a single BAS in the form [Pd-OH]*Z~; and Czp4z, the concentration of bridged
Pd sites in the form Z~PdZ™. In order to estimate the amount of each type of Pd site,
the nature of the zeolite framework was considered in combination with the ratio of
the NO, peaks in the TPD representing Pd sites. Because the BEA zeolite has larger
pores and more open cages, we expect most of the Pd to be exchanged on a single
BAS. However, we cannot rule out the existence of bridged Pd as the distribution
of aluminum sites may be more concentrated in some instances.'?2 To estimate the
ratio of Cpgom versus Czpyz in the catalyst, we estimate the positional probability
of two aluminum atoms in the 12-member ring of the BEA pore. We assume based on
Loewenstein’s rule 22 that no aluminum atoms will be located directly next to each
other (i.e., zero T sites away). As illustrated in Fig. 4.1a, the fraction of Czp,47 sites is
thus related to the probability of two aluminum atoms existing one T site away from
each other (n=12), and the fraction of Czp 0x is based on two aluminum atoms being

more than two sites apart (n=42), where n is the number of possible configurations
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within the 12-member ring of BEA. (b) Peak deconvolution of NO, TPD
profile at 50°C .
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within the ring. We thus estimate the fraction of Czpg0m to be ~78%. This is a
simplified estimate as it does not account for bond energies between atoms nor the
neighboring T sites in the three-dimensional structure of the pore (i.e., bridging of
Pd between two proximal T sites in the z-direction.)

To confirm the site distribution using TPD data (400 ppm NO adsorbed at 50°C),
a peak deconvolution was computed using a hybrid Gaussian/Lorentzian peak distri-
bution fitting the NO, profile to four peaks. Assuming peaks III and IV (500 and 750
s) represent the Pd sites, the relative fraction of Czpjor based on the area of each
peak is ~83%, which is in agreement with the statistical analysis of the Pd sites.
Based on these two calculations, we use a value of 80% for the fraction of CzpgoH
and 20% for Czpg 7. By estimating the total number of exchange sites in the zeolite
based on the SAR, we obtain a value of 820 umol/g-cat. Based on the mole fraction of
Pd in the catalyst, 45% of these sites are exchanged with Pd. Combining this value
with an estimate for the total cite concentration in mol/m® washcoat and accounting
for the fact that each Z~PdZ™ site occupies two BAS, we obtain the following site con-
centrations: Crotal = 410 mol/m?; Cpyg=0.45xCyp = 185 mol/m?; Czpgom = 0.8xCpg =

148 mol/m3; Czpdz = 0.2><de =37 mol/ms; and CZ = CT -2 Czpdz — CZPdOH = 188
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mol/m3.

For the site balances in this model we include 12 coverages (6;), which are listed
in Table 4.1. These are used in the rate expressions described in the reaction schemes
below.

Table 4.1: Site balance for coverages 0,

Site Balance
0z 1-0z-n0+0z-N0, +0z-NONO, +0z-C3Hs +OHC-2Z
0zpdoH 1-0zpq+0zpa-No +0zPd-NO,
0zpaz 1-0zpaz-Nno

The following set of equations represents the inlet conditions for the system:

Xjrx,t=0)=X; ro, (4.6)
X o (x,t=0)=X; 0, (4.7)
Tr(x,t=0)="Tfso, (4.8)
0 (x,t =0)=1 (adsorption), 4.9)
and
0 (x,t =0)=0 or Op(x,t,4s) (desorption). (4.10)

The boundary conditions are represented by

2=0,X;r :Xj,f,in(t)’ (4.11)
0X s
y=0, _De,jW:km,o (Xj,f_Xj,s), (4.12)
0Xjs
y=90, — =0 (no flux), (4.13)
Oy
2=0,Tr= Tf in(t)’ (4.14)
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and

0T
=0=L:,
‘ 0z

=0 (no flux). (4.15)

Table 4.2 defines the variables used in eqns. 4.1-4.15.

Table 4.2: Table of nomenclature for low-dimensional model equations

Cp.f Fluid phase heat capacity u Average fluid velocity
Cp,s Heat capacity of washcoat X;r Concentration of species j in fluid phase
Cr Total gas phase concentration Xjs Concentration of species j in washcoat
Cr)  Total site concentration of species k 1) Effective wall thickness
h Heat transfer coefficient AHpyp Heat of reaction
S Overall mass transfer coefficient £ Washcoat porosity
ks Thermal conductivity of washcoat 9;j Stoichiometric coefficient of species j for reaction i
Rods,j Rate of adsorption of species j 0y, Fraction site coverage of species k
Rgesj Rate of desorption of species j or Fluid density
R; Reaction rate i Os Washcoat density
T, Fluid phase temperature Ro1 Transverse diffusion length for flow area
T, Washcoat temperature Rqo Transverse diffusion length for washcoat

The model formulation is based on the following assumptions: laminar, fully de-
veloped flow entering the channel; a channel length that is much greater than the
hydraulic diameter (this allows for negligible axial diffusion in the fluid and wash-
coat phases); and physical properties are constant.'® The Method of Lines with dis-
cretization in the axial-direction is used to solve the resulting system with respect
to time. A first-order upwind scheme is used for the first derivative approximations
and a second order central difference formula was used for the second derivative ap-
proximations. For this work, the axial direction is divided into n=30 segments, and
the resulting discretized equations (with boundary and inlet conditions) are solved.
Evaluation of the boundary conditions in the discretized model using the method of
false boundaries yields the solid phase temperature equations at z=0 and z=L. The
IVP system solver ODE15s from the MATLAB function library is used to solve the
system equations. ODE15s is an implicit, adaptive time step, stiff ODE solver that
uses finite difference methods of order 4/5 (Runge-Kutta) to solve the equations with
respect to time. It evaluates the Jacobian numerically and monitors the rate of con-
vergence to adjust the step size accordingly.

One of the main characteristics that makes this model computationally efficient
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is the use of overall mass transfer coefficients that describe the diffusion of species in
the fluid phase into the washcoat while neglecting washcoat diffusional limitations.

The overall mass transfer coefficient is calculated by

= + (4.16)

where k,, . and k, ; are the external and internal mass transfer coefficients for a
given species. These values are calculated using the external and internal Sherwood
numbers, which relate the convective and diffusive rates of a species between the
bulk fluid phase/fluid-washcoat interface and between the washcoat/fluid-washcoat
interface, respectively. The following equations relate the Sherwood numbers to the

mass transfer coefficients:

_ DrShe 4.17)
m,e — 4Rw1 ’ .
and
D,Sh;
ko= 4.18
m,t 4Rw2 ’ ( )

where Dy and D; are species diffusivities in the fluid and solid phases of the chan-
nel, respectively. R,1 and R,2 represent the characteristic length scales for the fluid

phase and the washcoat. The external Sherwood number (Sh,) is typically calculated
as a position-dependent value represented by 24

P
0.272L

She=Sheoo+
1+0.083(%)

(4.19)

2/37

where Sh, « is 3.608 for a round square channel, z' = z/L, the dimensionless length
down the channel, and P is the transverse Peclet number defined for each gaseous
species in the system as

2 2 -
L R&/Dsi Ry

= = . 4.20
TC L/u LDy ; ( )
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The transverse Peclet number P represents that ratio of transverse diffusion (7p)
to convection (7¢) times. Smaller values of P indicate faster diffusion to the mono-
lith walls. Fig. 4.2 shows the Peclet number as a function of temperature from 50
to 500 °C for each of the species used in the model. The diffusivities were calcu-
lated using correlations of the Lennard-Jones potential of each species according to
Fuller'?5 (Table 4.3). Based on these calculations, C3Hg has the largest value for
P (0.25) at 50°C, indicating slower diffusion to the wall than axial convection com-
pared to the other species. However, the diffusion time is still four times shorter than
the convection time. Balakotaiah and West calculated the exit conversion of various
channel geometries as a function of P and found that in a circular channel for P < 0.1
conversion exceeds 99%.126 For the model described here, the values for P quickly
approach 0.1 by 200°C, and drop to an asymptotic value between 0.02 and 0.05, so
we do not expect any mass transfer limitations that would limit reactivity at higher

temperatures.
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Figure 4.2: Calculated transverse Peclet number vs. temperature for reacting species
CgHe, 02, NO, Hzo, and NOz.

To calculate the internal Sherwood number (Sh;), a correlation involving the

Thiele modulus is used. The correlation was reported by Joshi et al. and is calculated

101



by119,121
AD?

ShiZShioo+ .
T+ AD;

(4.21)

In this model the channel is represented as rounded square, so the values for Sh;
and A are 3.65 and 0.39, respectively.'?* The Thiele modulus was calculated using

the following expression:

R2 R; (X0
_ %ﬂ_ﬁLl) (4.22)

cD?: Q2x (
" D, ; Co

There are certain exceptions to using variable Sherwood numbers. For the case of
a very long channel, a constant Sherwood number may be adequate, and for a slow
reaction (Thiele modulus <<1), a constant value may be used for the Sh;. It is impor-
tant to consider these approximations when developing the LHCNT model. In our
model we use a variable Sh; to account for variations in the Thiele modulus given

the large number of reactions in the system.

Table 4.3: Temperature-dependent parameters

Parameter Expression Parameter Expression
a 0.5525xT m/s Dfco,  0.825x1079xTH718 m?/s
D¢ no 1.13x107 9 T8 m%/s D pe 3.42x10710xTL75 ;2/g
D¢ No, 1.4x1079xTE™8 m%s  Drn,o  0.93x1079xTL7148 m2/g
Do, 1.13x1079xT17019 jy2/g D¢, 1.158x 1072 xT1-75 m?/s

Dfcong  5.275x107 05T m?%s Dy co 1.13x 109 xT1.7148 1,2/g
D¢ m,0 1.62x1079xTL7033 112/¢

Table 4.4 describes the fixed parameters that were used in the model. The values
for Rg1, Rag, and § were estimated from measurable properties of a single channel
taken from a 400 cpsi monolith. Rg; is equal to 0.25xd}, the hydraulic diameter of
the channel, which is estimated to be 1.08 mm. Rq9, the effective washcoat thick-
ness of the channel, and 9, the effective wall thickness, were estimated using the
loading of the washcoat (1.3 g/in®), the washcoat density (ps), and the thickness of

the monolith wall (165um). %127 The value for A, which represents the ratio of the

102



Table 4.4: Fixed parameters

Parameter Value
Roq 270 ym
Rqo 10 pym

0 92.5 ym
L 0.05m
She o 3.608
Sh; o 3.65
€we 0.42
A 100
A 0.39
Cpr 520.3 J/kg/K
Cow 947 J/gk/K
pf 1.78 kg/m?
Ps 2715 kg/m?
ks 2.6 W/ mK
h 43 W/m?K

fluid phase diffusivty to the effect washcoat diffusivity, is estimated to be ~100, based
on adsorption measurements of isobutane on various BEA morpholiges reported by
Batalha et al.'?® The porosity of the washcoat was estimated from values reported in

literature for BEA zeolite with a similar SAR (12.5).12?
4.3.1 Model tuning and parameter estimation

In order to build a robust and realistic model, various strategies were employed
to estimate kinetic parameters including pre-exponential factors and activation en-
ergies. Where applicable, activation energies were fixed based on previous litera-
ture values (experimental estimations or DFT calculations), and were set to zero
for all adsorption reactions. Pre-exponential factors were mostly estimated using a
Levenberg-Marquardt algorithm (Isqcurvefit in MATLAB). The algorithm is an ef-
ficient tool for least squares curve fitting when many parameters need to be fitted,
although due to time constraints no more than two parameters were fitted at a given
time. These parameters were fitted to the experimental data reported in Chapter 3,
and were then used to validate data at different conditions.

Steady state and transient experiments were conducted on the 2wt% Pd/BEA
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sample including C3Hg and NO oxidation experiments with and without water in
the feed. Fig. 4.3 shows an Arrhenius plot for apparent activation energy resulting
from steady state experiments with a feed of 800 ppm C3Hg and 2% Oz. From this
experiment, the activation energy is estimated to be 88.6 kd/mol, consistent with
recent literature data on other Pd catalysts. 3* The prexponential factor was then fit
to experimental data obtained from temperature-programmed oxidation experiments
using 800 ppm C3Hg, 2% Og, resulting in the simulated light off curve shown in
Fig. 4.7. All of the above techniques were thus combined to efficiently estimate the
kinetic parameters of the reactions in the reaction network, which is described in the
following section. Refer to Table 4.5 for fitted and estimated preexponential factors,

activation energies and heats of reaction for the reactions described below.
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Figure 4.3: C3Hg oxidation Arrhenius plot.

4.4 Reaction network

In determining an adequate level of detail for the reaction network, the main
objective of this work was not to develop a fully detailed microkinetic model. Rather
the aim was to build an ‘engineering’ model that can accurately (within a threshold
error) predict the general behavior of the PABEA as an LHCNT including NO and
CsHg adsorption on BAS or Pd sites and reaction in the absence of HoO. We used

as few reactions as possible to describe the system, but added more detailed steps
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Table 4.5: Fitted values for A;, E,, and AH

Rxn. A; (1/s) E, (kdJ/mol) AH
1 106.49 -35.9 -114.1
2 78.5 0 50.53
3 195 0
4 200 35
5 8.59¢e9 39
6 5e6 93
7 1.798e3 0
8 8.76e12 180
9 2.47e3 8.5

10 7.8e7 100

11 5e8 83

12 140 0

13 3.8661e3 19

14 8.6e3 0 -3.4
15 lel0 155

16 400 20

17 100 30

18 47.2 0

19 4.6e3 0

20 4.0135e4 88 -2058
21 1.76e14 80 -283
22 9.366e5 38 -121
23 7.999e8 21

24  5.3619e8 34

25 7.999e8 19

when data trends could not be captured. The reaction network established in this
work uses reactions mainly from the results and discussion of Chapter 3, resulting
from DRIFTS data and literature comparison in combination with selected reactions

adapted from Scheme I from the work by Ambast et al.5?
4.4.1 NO, adsorption

The reaction scheme used for adsorption, desorption, and conversion of NO is de-
scribed in Table 4.6. For simplicity, Z (or Z~) represents a single BAS in the pore
structure of zeolite. Reaction R1 describes the homogeneous low temperature oxida-
tion of NO to NOg due to confinement effects in the zeolite pores, as described by the

works of Loiland and Lobo. %1192 This reaction has an overall negative activation
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energy, which is -35.9 kdJ/mol in this model. Here we represent the NO oxidation
as a single step reaction, although it is known to involve a series of intermediate
steps. We model the simultaneous uptake of NO and NOs on acid sites due to in-
teractions that occur between NOgy and BAS, leading to the formation of complexes
including [NONO2]-Z (R6). Based on the TPD data (Fig. 3.2), we explain in our
previous work that the first peak is likely NO and NOy desorbing from the BAS. The
ratio of NO:NOg is ~1, indicating that the two species desorb from the same sites
at the same temperature, which we represent by the decomposition of NONOg (R7).
Therefore the adsorption of NO proceeds as follows: NO oxidizes to NOg at low tem-
perature in the acidic pores of the zeolite, which then adsorbs on the BAS together
with NO cations that form in the pores. The rxn. R1 rate law includes an NOg inhibi-
tion term that predicts a decrease in the rate of NO oxidation as the concentration of
NOg increaases. According to rxns. 3.7-3.9 from Chapter 3, the NO; that forms from
rxn. R1 can dimerize and undergo disproportionation, resulting in the adsorption of
NO and NOg on the BAS. We capture this chemistry through rxns. R2 and R4 (and
corresponding desorption rxns. R3 and R5).

Reaction R8 describes the Pd reduction mechanism that forms NOy adsorbed on
the reduced Pd-Z. NO can then adsorb on the Pd-Z as in rxn. R10. Additionally,
since Pd can exist in a multiplicity of oxidation states within the zeolite framework,
we include the adsorption of NO on bridged species Z-Pd-Z (R12,13). Finally, we
include the catalytic oxidation of NO on Pd through a global reaction using a rate
law with inihbition terms defined in the modeling work of Li et al.'3! In that work,
NO oxidation was modeled to occur on Pt, so the parameters are adjusted to fit the

NO oxidation data obtained here.
4.4.2 C3Hg adsorption

The reaction scheme used for adsorption, desorption and conversion of C3Hg is de-

scribed in Table 4.7. The inclusion of C3Hg coupling effects adds some complexity to
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Table 4.6: NO reactions on Pd/BEA

Reaction no. Reaction Rate r
R1 9NO+ Oy — 2NOy PiXyoXso,
$,VU2
R2 NO* +Z~ — NO-Z koCzX;s NoOz
R3 NO-Z= - NO + Z~ k3Cz0z_no
R4 NOy + Z~ — NOy-Z k4CzXsN0,02
R5 NOg-Z= — NOg + Z~ k5Cz0z_no,
R6 NO-Z + NOg — Z-NONOg keCzXsN0,07
R7 Z-NONOg — NO + NOg + Z~ k7Cz0z_Nnono,
RS 2[PdOH]*Z"+NO — PdZ-NO; + PdZ +Ho0  ksCzpaonXsNo92pyon
R9 PdZ-NOs — Pd-Z +NO, koCzpaonOPdzZ-NO,
R10 PdZ+NO— NO-PdZ k10CzpriouXsN0OzPd
R11 ZPd-NO — PdZ + NO k11CzpiouaPzpPd-NO
R12 ZPdZ+NO — NO-ZPdZ k12CzpazXs N0OzPaz
R13 ZPdZ-NO — ZPdZ + NO k13Czpaz0zpPaz-NO
~ X5,NOy 2]
R14 2NO + 0y — 2NO; il (K“’ mxwo)
K1 XoNo+ I X, o

the model, so global reactions are incorporated where applicable. Simple adsorption
of one CgHg molecule on a BAS is depicted in R15 and R16, while R17-19 describe
the coupling of C3Hg molecules to form higher hydrocarbons (HC). For estimation of
heats of reaction and oxidation of these desorbing HCs, the HC carbon chain length
was expressed as nxCsHg, where n represents the extent of coupling. For example,
a value of two suggests two CsHg molecules couple to form CgHio through the carbo-
cation formation described in rxns. 3.16 and 3.17. The extent of coupling is limited
by the number of available sites and the volume of the pore. As a preliminary as-
sumption, we use n=3 in the modeling results presented here. The remaining rxns.
R20-25 represent global kinetic reactions involving Cg3Hg that desorbs from the BAS
including oxidation to COg, partial oxidation to CO, and reduction of NO, to Ng and

NO. In Chapter 3 we discuss the complex chemistry that occurs between CgHg and
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NOgy during adsorption. For simplicity we model this as rxn. R25, although it is a
simplification of the chemistry.

Table 4.7: C3Hg reactions on PdA/BEA

Reaction no. Reaction Rater
R15 Z + C3Hg — Z-C3Hg k15CZXs,C3H69Z
R16 7Z-CsHg — Z + C3Hg k16Cz0z_c;3Hs
R17 7Z-C3Hg + C3Hg — HC-Z k17Cz X cots07-C3Hy
R18 HC-Z - HC + Z~ k18Cz0c-z
R19 2[CsHg-Z] — HC-Z + Z~ k19C20% ¢, 4.
k20 X509 Xs,05Hg
R20 CgHG + 4502 d 3002 + 3H20 (1+KC3H6XSYC3HG +KSXS,NO)2
R21 CsHg + 303 — 3CO + 3H;0 X0 Koot
(1+KC3H6X5,C3H6)
R22 2C0 + Oy — 2C0, knXso Xaco
(1+KC‘3H6X3,C3H6 +KcoXs,co)
R23 C3Hg + 2NO + 3.503 — Ny + 3Hy0 + 3C0y 721 % k2sXs 0
(1+K9Xs,02)(1+K12Xs,NO)(1+K13XS,C3H6)
R24 C3Hg + 2NO + 405 — NoO + 3H0 + 3COy 121 kX oo
(1+K9Xs,02)(1+K12XS,NO)(1+K13XS,C3H6)
R25 CsHg + NOg +405 — NO + 3H0 + 3CO5 121 x F2sXs0p

(1+K9Xs,02)(1+K12Xs,No)(1+K13Xs,03H6)

4.5 Results and discussion

The following section discusses the modeling results of the following cases: NO
adsorption and desorption on Pd-BEA, oxidation of NO and C3Hg, and co-adsorption
of NO + C3Hg. Each section outlines the relevant chemical reactions occurring during
both adsorption and desorption, as well an any global reactions. A discussion is
then made relating the experimental observations to the model equations and their

predictions.
4.5.1 NO adsorption on Pd/BEA

In order to estimate kinetic parameters for this model, a series of baseline exper-
iments was used, namely the 50°C adsorption and corresponding desorption profiles
for a feed of 400ppm NO + 2% O (Figs. A.la and c). Fig 4.4 shows the uptake of

NO,, NO and NOg during the 300s adsorption and the fitted model results. This
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result includes all of the NO adsorption reactions, resulting in good fit of the overall
NO, profile as well as the individual NO and NOgy components. Based on the pre-
exponential factors from the parameter fitting, the adsorption consists of a fast and
slow adsorption regime. The fast adsorption relates to NO on available Pd after it
is reduced to Pd*, resulting in the steep breakthrough of the NO, profile. The slow
adsorption occurs near the end of the adsorption profile and is related to adsorption
on the BAS. This results in unoccupied BAS by the end of the 300s adsorption. The
model successfully captures the oxidation of NO to NOg, the adsorption of NOg on Z
and NO-Z, and the reduction of [PAOH]?>* to PdZ, indicated by the early formation of
HO.

If we increase the adsorption temperature to 80 and 150 °C, we see a decrease
in the formation of NOy as well as an overall decrease in NO adsorption. Fig 4.5
shows the experimental NO, adsorption in terms of the average of the measured
adsorption and desorption quantities in umol/g-cat for each of the three temperatures
compared to the estimated results from the model. For the 50°C case, which was used
to fit the model, the NO, adsorption agrees within 7% of the experimental value. at
80°C, the values are even closer, to with 2%, but there is a large discrepancy at
150°C between the model values and the experimental values. However, the trend of

generally decreasing adsorption with increasing temperatures is clearly displayed.
4.5.2 NO desorption on Pd/BEA

Figure 4.6 shows the corresponding TPD profile for both the experimental and
modeling results for the adsorption experiment described above. Consistent with the
experiments, desorption occurs as a series of overlapping peaks, with most of the
desorbing NO, composed of NOs. We note here that the feed temperature profile
used in the model (and all other desorption experiments) was not linear. Rather, it
is represented by fitting a polynomial function to the experimental feed temperature

profile. While this profile should be linear, due to inconsistencies with the temper-
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Figure 4.4: Experimental (dashed line) and model (solid line) fit data for NO adsorp-
tion at 50°C.
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Figure 4.5: Model predicted NO, adsorption vs. experimental values.

ature controller and heat losses in the furnace, the temperature experiences some
overshoot. We correct this in the model, which allows us to obtain a more accurate

representation of the TPD profile.
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Figure 4.6: NO, TPD model results vs. experimental data.

Based on the reaction scheme used in the model, the first peak is attributed to
the desorption of NO from the BAS (R3), as well as the decomposition of the NONO9
complex that results in equal (1:1) desorption of NO and NOg (R7). The second peak
consists of NOg, the desorption of NOy from the BAS that were stored in the form
of nitrates (R5), and some NO, the desorption from the ZPdZ sites (R13). The fourth
peak represents NO desorbing from PdZ (R11), which has a higher binding energy
than the nitrates or the NO adsorbed on ZPdZ. As shown in Table 4.5 the binding en-
ergies for each of the species increase from 30 to 180 kd/mol, values that are adapted
from the work by Ambast et al.?® and Mei et al. 5

There are admittedly some differences between the model TPD profile and the
experimental data that result in an imperfect fit. First, there is more NO desorb-
ing from the BAS (first peak) than NOg in the model. This is caused by increased
adsorption of NO on the acid sites due to the simplification of the reaction scheme.

The increased NO, desorbing from the high temperature peak is due to differences in
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the estimation of exposed Pd in the sample. CO chemisoprtion measurements were
conducted on a PABEA sample, and dispersion was measured to be 20%. However,
this value was presumed to represent agglomerated Pd as PdO, with the remaining
(80%) Pd accessible for NO uptake. Based on these results, the CO chemisorption
experiments could suggest that only 20% of the total Pd is accessible for any of the
reactions to occur. It is difficult, however, to accurately identify the nature of Pd
in this catalyst, so the actual value may lie between these values. Additionally, the
TPD peaks are much sharper in the model than in the data, where they are more
protracted. This is likely a result of ignoring the washcoat diffusion effects in the
model. By ignoring these effects, the species can desorb more freely and solely based

on the temperature, resulting in the sharper peaks seen here.
4.5.3 C3H; oxidation

Because C3Hg oxidation on Pd is easily modeled and useful for predicting the
carbon balance of the system, the model was fitted to experimental TPO data using
rxn. R20. The TPO data was obtained using a feed of 2% Oz, 800 ppm C3Hg, and
a ramp rate of 5 °C/min. Note that this rate expression is adapted from the work
of Raj et al. and includes C3Hg self-inhibition and NO inhibition terms. The CsHg

inhibition term is expressed as

AH
ﬂ) (4.23)

Kcyas = ACSHsexp( BT

where AHc, 1, is the estimated heat of adsorption of C3Hg, which results in a value of
3 kJ/mol. 132 The activation energy for the oxidation was kept constant at 88 kJ/mol,
obtained from our steady state experiments as explained above. Fig. 4.7 shows the
agreement between the TPO data and the model fit using this rate expression. Using
these estimated parameters as a guideline, we can fit more complex reactions with

mixed feeds, as described below.
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Figure 4.7: C3Hg Light-off profile vs. model prediction.

4.5.4 Co-uptake of NO and CsHg on Pd/BEA

Modeling the behavior of NO + C3Hg on PABEA presents a significant challenge.
Fig. 4.8 shows experimental data for a TPO experiment using a feed of 400ppm NO,
800ppm C3Hg, and 2% O2. The complexities of this system are evident in the NO
consumption profiles as well as the C3Hg profile. Once the concentrations of both NO
and C3Hg are stable, the temperature ramp is initiated. Initially, there is a release
peak of C3Hg, proportional to the amount adsorbed. Then there is a large HC peak
resulting from the desorption of coupled species that formed during uptake. Around
200°C, NO and C3Hg are consumed, resulting in the formation of CO and N5O. These
are the products of the partial oxidation of C3Hg at intermediate temperatures.

As the temperature increases, oxidation shifts towards COg formation, and be-
cause the temperature is high enough to fully oxidize C3Hg, NO oxidation is less
inhibited, oxidizing instead to NOg. The exotherm in this case (Fig. 4.8c) is caused

by the oxidation of C3Hg, and is approximately 61°C. This value is slightly lower
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than the theoretical value for the adiabatic temperature rise (76°C, rxn. 2.26), but

this difference is likely due to heat loss in the reactor.
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Figure 4.8: NO and C3Hg TPO on PdBEA using 400ppm NO, 800pm CsHg, 2% O9
from 50°C to 500°C at a rate of 20° C/min. (a) C based species (b) N
species (c) temperature profiles.

To model the system with both NO and C3Hg in the feed, the global reactions
R21-25 were fitted using combined-feed temperature ramp data from Fig. 4.8. The
rate laws and fitting parameters for the inhibition terms for each reaction are based
on the work by Khosravi et al., who developed a global steady state kinetic model
for the SCR of NO by C3Hg on Pt and mixed Pt:Pd oxidation catalysts.!* For this
model, the parameters were adjusted accordingly. After fitting the data, we obtain
the resulting transient temperature ramp profiles shown in Fig. 4.9. While the fit
is not perfect, it is indeed able to capture a number of the complex coupling effects
during the co-feed of NO + CsHg over Pd/BEA, which is useful as a starting point for
developing a more accurate model. For example, Fig. 4.9 is able to predict the partial
oxidation of CgHg to CO (Fig. 4.8), as well as the increased light-off temperature due
to inhibition by NO in the feed (300 versus 255 °C, Fig. 4.7).

Co-adsorption of NO and C3Hg model prediction vs. experimental data is plotted
in Fig. 4.10. As expected, the uptake of NO decreases in the presence of CsHg,
and the model successfully captures the reduction of NOy. However, the mechanism
used for NOy reduction in this case was obtained from the global reaction scheme,

resulting in the excess formation of HoO as a result of C3Hg oxidation. In Chapter 3,
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Figure 4.9: Model predicted C3Hg total and partial oxidation during temperature
ramp. Data was fitted using estimated activation energy of 88 kd/mol.

we describe the complex surface chemistry that occurs between C3Hg and NOg, which
results in adsorption of one or both species on the BAS. During the temperature
ramp, the nitro-complex desorbs and is reduced by CgHg to NO or N5O. Because
water is known to impact uptake on acidic zeolites, it may be more practical to update
the reaction scheme so that it captures the reduction of NOy without oxidizing the
C3Hg. Additionally, the model is not able to accurately predict the uptake of C3Hg due
to the complexity of modeling the oligomerization. The uptake profile plotted in Fig.
4.10 therefore represents uptake of C3Hg without the coupling reactions. Because
the coupling reactions are not inlcuded in this fit, the inhibtion of NO uptake is not

as severe as shown in the experimental data, resulting instead in more uptake on

BAS.
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Figure 4.10: Model predicted vs. experimental data for NO + C3Hg adsorption on
Pd/BEA at 50°C.

4.6 Conclusions

In this work we establish a well-defined model that solves the convection, diffu-
sion, and reaction equations in a single washcoated monolith channel. The model
predicts the low temperature uptake of NO and NOsy on various types of sites, and
can determine desorption behavior that closely matches the experimental data. We
successfully determine the oxidation behavior of propylene on the catalyst, predicting
the partial oxidation to CO as well as the oxidation to COy at higher temperatures.
The model was then partially validated against data from a co-adsorption experi-
ment (NO + CgHg) with some good agreement of certain aspects. While the model
is not yet fully functional in terms of predicting all behavior observed in the data in
Chapter 3, it acts as a stepping stone for future work. Regardless of the difficulty in
obtaining fitting parameters, the model itself is very robust and can be used to pre-

dict the behavior of the catalyst under a variety of conditions including temperature,
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flow rate, monolith length, Pd loading and zeolite type and acidity. Next steps after
obtaining a more complete model would certainly be to develop the model for use in

a multifunctional environment such as a dual-layer or sequential configuration.
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Chapter 5: Optimizing the lean hydrocarbon NO,
trap: sequential and dual-layer configurations

A portion of the work in this chapter was presented at the North American Catal-
ysis Society biennal meeting on June 24th, 2019. The contents of this chapter were

submitted to the Catalysis Today NAM special issue and is currently under review.

5.1 Introduction

In this chapter the extension of the Lean Hydrocarbon NO, Trap to multifunc-
tional systems is discussed. As mentioned in Chapter 3.1, cold start emissions are a
key concern for lowering overall NO, and HC tailpipe emissions. In this study we in-
vestigate the use architectural design strategies to improve upon the single-catalyst
LHCNT, a multi-functional device that traps, releases, and converts NO,, CO, and
HCs.

The Passive NO, Adsorber, or PNA, has been proposed to specifically address low
temperature NO, emissions. The PNA is designed to trap NO at low temperature
and release both NO and NOg at temperatures high enough for downstream conver-
sion by SCR.%° The most effective PNA materials developed to date are Pd-exchanged
zeolites, the latter of which include BEA, ZSM-5, or SSZ-13. The zeolite pore size,
framework structure, and silicon to aluminum ratio (SAR) provide varying NO trap-
ping capabilities in terms of the NO, storage capacity and NO, release temperature.
The performance results of these PNA materials hold promise, and the consensus is
that highly dispersed Pd cations are responsible for the NO storage. However, the
NO uptake mechanism details including the identity of the Pd cations responsible for
NO binding are highly variable and not fully understood. 5%:6467.90 The state of the Pd

within the zeolite depends on the pretreatment conditions, feed gas composition, and
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zeolite framework type and acidity. 63-68.93:95.133 Studies show that the Pd-based zeo-
lites readily trap NO under dry or simpler feeds (i.e., NO + Og + H20). For more com-
plex feeds containing reductants like CO, studies report that Pd/SSZ-13 in particular
is effective in trapping NO.%267 Zheng et al.®? performed NO uptake experiments on
Pd/BEA, Pd/SSZ-13, and Pd/ZSM-5 and found that in the presence of HoO and CO,
Pd/SSZ-13 has the highest NO adsorption capacity as well as a higher NO and NOy
desorption temperature, with nearly all of the desorption occurring above 200°C. Ad-
ditionally, it was found that CO not only increases the NO, desorption temperature,
but also leads to an increase in NO adsorption capacity. 117134 Progress towards un-
derstanding the PNA trapping mechanism may be inhibiting further advances such
as the discovery of new materials, particularly those that are intended to trap HCs
as well as NO, for example.

A typical diesel engine exhaust contains low molecular weight olefins (Co—Cy),
aromatics, and long-chain alkanes (Cg;), all of which should be trapped during
cold-start in order to meet emission targets.??9 Zeolites are effective HC traps
(HCTSs) because of a combination of the pore structure and acidity of the exchange
sites.?7.63.65:93.98.99 T arge pore zeolites such as BEA (12-member ring) are effective
in trapping linear, higher molecular weight HCs (C1¢.) that can access the pores and
bind on the pore walls through van der Waals interactions. 3> Medium pore zeolites
such as ZSM-5 (10-member ring) are effective in trapping olefins and aromatics on
Bronsted acid sites (BAS), the extent of which depends on the SAR and HyO con-
centration.?357100 On the other hand, small-pore zeolites, like SSZ-13, have a pore
diameter less than 0.4 nm, limiting their ability to trap HCs. This calls into question
the utility of SSZ-13 as a material to trap both NO, and HCs.

The PNA concept itself follows from the HCT concept. Despite that fact, most of
the PNA studies to date have focused on the mechanistic aspects of NO uptake, using

feeds containing Og, HoO, CO9, and the model reductant CO. There have been very

119



few studies on the effect of HCs on the performance of PNA materials, and definitely
not their mixtures. Chen et al.%° used decane to test the NO uptake on BEA, SSZ-13,
and ZSM-5, but there was little emphasis on this aspect of the experiments in the
discussion. Other work, such as that done by Theis et al.,®® used smaller hydrocar-
bons in the feed such as ethylene, where it was found that ethylene, like CO, delays
NO,, desorption due to a possible complex formation between ethylene and NO.

The maturity of HCT technology and the recent advances in PNAs notwithstand-
ing, there have been comparatively few studies about combined low temperature
NO,, and HC trapping. An exception is our recent study in which we used a multi-
functional Pd/BEA washcoated monolith to conduct coupled trapping of NO and
CsHg. 3% We showed synergy through coupled HC and NO trapping and release, such
as delayed NO desorption and lean NO, reduction with C3Hg. However, the selection
of Pd/BEA as a single trapping and catalytic material constrained the performance
gains, particularly in the presence of HyO.

The combination of materials with different trapping and catalytic functions may
lead to performance improvements in a more compact device. Materials identifica-
tion, development, and optimization of the multiple functions becomes a practical
if not necessary goal to meet emission targets. Developing a catalyst with multiple
functions requires implementation of multiple designs and configurations. For ex-
ample, the combined lean NO, trap LNT and SCR system can have a sequential or

dual-layer configuration. 137

Both are effective, and while the sequential configura-
tion is simpler, the dual-layer is more compact (but more complicated). However, the
dual-layer configuration may impose diffusional limitations due to the top layer. This
is particularly true at high space velocity. Zheng et al. found that by using partially
coated zones in the dual layer system, some of these limitations can be lessened.

In the current study, we investigate the use of Pd-exchanged BEA, with and with-

out Pt, along with Pd-exchanged SSZ-13 to carry out coupled NO, and hydrocarbon
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trapping and conversion. Based on the previous work on these materials, Pd/BEA is
examined for its effectiveness of high molecular weight HC (such as dodecane) trap-
ping and Pd/SSZ-13 for NO trapping. Because of its relevance to simulated diesel
exhaust, this study incorporates n-dodecane (C12) as the model large hydrocarbon for
trapping on BEA. We additionally incorporate Pt into the Pd/BEA catalyst to improve
the oxidation activity while lowering the overall PGM loading of the catalyst. Our
main objective is to investigate the effectiveness of combining multiple PGM-zeolite
components into a single functioning unit; i.e., the LHCNT. Through a combination
of transient adsorption/desorption experiments with the individual components, we
converge on a pair of materials for use in both sequential and dual-layered mono-
lith configurations. We evaluate the performance of these configurations with the
goal of maximizing uptake of both NO, and HC (C12). The study enhances the un-
derstanding of LHCNT materials with particular consideration of coupling effects
and provides guidance towards improving uptake of multiple species over a range of

operating conditions.

5.2 Experimental

5.2.1 Catalyst preparation and properties

A series of catalysts was prepared using a combination of vendor-supplied mono-
liths and in-house synthesized catalysts. The catalysts included 2 wt.% Pd/BEA
(abbreviated “PdBEA”), 1 wt.% Pt-Pd/BEA (“PtPdBEA”), and 1 wt.% Pd/SSZ-13
(“PdSSZ”). Note that the LHCNT requires oxidation activity in addition to NO, and
HC trapping. For this reason, Pt was added to the Pd/BEA. The Pt-Pd/BEA compo-
nent functions as a combined HC trap and oxidation catalyst. An added benefit of
the Pt + Pd mixture is the potential inhibition of PGM sintering due to cooperative
effects of the Pt and Pd. 138

Table 5.1 provides information about each of the six catalyst systems as well
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as their abbreviations in the text and some measured properties. The 1 wt.%
Pd/SSZ-13 (Si/Al = 15) monolith with a loading of 1.5g/in® was obtained from John-
son Matthey, Inc.. For the BEA zeolite monoliths, BEA (SAR 19, surface area =
710m?/g) was obtained from Zeolyst International. Both 2 wt.% Pd/BEA and 1 wt.%
Pt-Pd/BEA catalysts were prepared using incipient wetness impregnation. The 2
wt.% Pd/BEA slurry was prepared using Pd(NOg3)9-2H50O precursor dissolved in HoO
equal to the pore volume of BEA (35mL/g), which was added dropwise to the zeolite,
dried at 120°C for 18h, and calcined at 550°C for 4h. For the Pt-Pd/BEA sample,
Pt(NH32)4(OH)9exH5O precursor was used and co-impregnated with Pd into the BEA
zeolite, resulting a 1:1 molar ratio of Pt:Pd. The resulting powder mixtures were then
combined with 10 wt.% alumina binder, diluted in HyO, and ball-milled for 36h to re-
duce the particle size and improve adhesion to the cordierite support.3? Each of the
monoliths had a length of 1 in and 1 cm square cross-section. For the single-layer cat-
alysts, cordierite cores (cell density of 400 cpsi) were dipped into the resulting slurry
mixtures and dried at 80°C. These steps were repeated until the desired loading was
reached. The dual-layer catalyst consisted of the Johnson Matthey Inc. supplied
Pd/SSZ-13 monolith, which was coated with a top layer of Pt-Pd/BEA with the same
loading as the base layer.

Table 5.1: Catalysts and their properties
Washcoat Washcoat Mass Length

Catalyst ID Description

Loading (g/in®) (g) (in)
PdBEA 2 wt.% Pd/BEA 1.3 0.17 1
(0.64 wt.% Pt-

PtPdBEA 0.36 wt.% PdY/BEA 1.5 0.22 1

PdSSZ 1 wt.% Pd/SSZ-13 1.5 0.22 1
Sequential

Seq-BS PtPABEA — PdSSZ 1.5 0.22+0.22 2
Sequential

Seq-SB PASS7Z—PtPdBEA 1.5 0.22+0.22 2
Dual-Layer

DL PtPABEA on Pd/SSZ 1.5/layer 0.21/0.20 1
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5.2.2 Reactor setup and experimental protocol

Adsorption experiments were conducted in the vertical quartz tube reactor de-
scribed in Chapter 3 using a total flow rate of 2500 sccm. The reactor system was
modified to enable the feed of n-dodecane (C;2) using a custom vaporizer unit and a
Cole-Parmer syringe pump. Unless noted otherwise, the primary feed components in
this work comprised 400 ppm NO, 200 ppm Cq2, and 2% O9, balanced with Ar. Table
5.2 describes the feed conditions of each of the experiments.

Table 5.2: Experimental feed conditions for single and mixed catalysts

Catalyst Type(s) Cno(ppm) Cc,, (ppm) Notes
PdBEA 1+2 400 -
PdBEA 1+2 400 200
PtPdBEA 1+2 400 -
PtPdBEA 1+2 400 200
Seq-BS 1+2 400 -
Seq-BS 1+2 400 200
Seq-SB 1+2 400 -
Seq-SB 1+2 400 200
DL 1+2 400 -
DL 1+2 400 200
DL 1+2 400 - +800ppm CsHg
DL 1+2 400 200 +800ppm C3Hg

Prior to the uptake experiments, the catalyst samples were de-greened in 5% O
at 600°C for 4 h. Before each experiment, a sample pretreatment was conducted in
5% 09 at 500°C for 30 min, followed by sample cooling under a flow of Ar to the
desired uptake temperature of 100°C.

We describe two experimental protocols, Type I and Type II, that were carried out
to evaluate the monolith samples. For both, the feed mixture was first established
in the bypass for at least 5 min, followed by a switch of the feed to the reactor. Dur-
ing adsorption, the monoliths were exposed to the feed mixture for 300 s at 100°C.
In the Type I experiment, the adsorbate feed was turned off after this time and the

reactor was purged of any weakly adsorbed or residual gases (including Hy0O). The
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temperature programmed desorption (TPD) was then initiated by ramping the tem-
perature at a rate of 20 °C/min to 500°C in 2% Og. For the Type II experiments, the
feed composition was not altered after the adsorption period, which was the same
as in Type I (56 min at 100°C). Instead, the same feed flowed over the catalyst dur-
ing the temperature ramp. Performing each of the protocols allowed for determining
unique performance metrics. The Type I experiments allowed for a more accurate
analysis of the desorbing species by eliminating background interference, while the
Type II experiments represented a more practical feed and enabled bulk oxidation
and reduction metrics such as the light-off temperature of C1o.

Several point temperatures were monitored using three Type K thermocouples.
The thermocouple measuring the inlet temperature (Tf..q) was located 1 cm up-
stream of the front face of the monolith. The thermocouple measuring the cata-
lyst temperature (T.,;) was located in the center of the monolith (radially and axi-
ally). For sequential monoliths the mid-core catalyst temperature of the downstream
monolith was monitored. Finally, a third thermocouple was placed 1 cm downstream,
providing the effluent temperature (T,,;). A blank monolith experiment was con-
ducted for each Type of experiment, ensuring proper subtraction of dead times and
weak adsorption. Most experiments were repeated three times to ensure repro-

ducibility, and error bars are given where applicable.

5.3 Results and discussion

5.3.1 Single catalyst evaluations

Single component catalysts were first evaluated to quantify their individual trap-
ping and catalyst performance. These data are needed to interpret the performance
of the more complex multi-component formulations. We tested each of the three cat-
alysts using the feed conditions provided in Table 5.2. Assessment of performance

included uptake of NO and Ci2 in umol i /g-cat (washcoat) (i= NO, Ci2), conversion
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of NO to NOy, and HC oxidation light-off temperature. We performed a series of
preliminary experiments with C12 on PABEA and found consistently good adsorption
(~247 umol Ci9/g-cat) under both dry and wet conditions, and with and without NO
(Fig. B.1). Similar experiments were conducted with Ci2 on PdBEA in the recent
literature; our results are consistent with these observations.®8

To establish baseline performance metrics, each catalyst was evaluated in a Type
I experiment, which involved a simple feed of 400 ppm NO and 2% O9 at 100°C; i.e.,
constant temperature with no subsequent temperature ramp. Fig. 5.1 includes the
NO, uptake (umolNO,/g-cat) on each individual sample and three multi-component
samples with and without Ci2 in the feed. [For the time being, ignore the additional
uptake represented by the unshaded area. We address that later.] As summarized in
Table 5.3, the overall NO, uptake is highest for PdSSZ (73.4 umol/g-cat), followed by
PdBEA (28.1), and PtPdBEA (15.8). With the Pd loading higher for PABEA (2 wt.%)
than PtPdBEA (0.64 wt.%), the NO, uptake is expectedly higher on the former than

the latter.

Table 5.3: NO adsorption with and without C19, maximum NO, conversion

Ads XNO
ymol NO/g-cat 248 NOx W/ Ci2 g (5 o1y

PdBEA 28.1 22.0 35
PtPdBEA 15.8 10.1 7
PASSZ 73.4 75.2 4
Seq-BS 72.3 73.2 34
Seq-SB 74.7 73.0 30
DL 86.1 77.2 36

Each of the adsorption profiles shown in Fig. 5.2a exhibit similar qualitative fea-
tures, although the uptake magnitudes vary, consistent with the measured uptake.
Figs. 5.2b and 5.2c show details of the uptake including NO and the generation of
NOg, respectively. In the bypass a background NO; level of 5 ppm was detected.
At the onset of admission of the feed to the catalyst, there is a dip in both NO and

NOg, signifying uptake of both species on the catalyst. A peak of NOgy concentra-
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Figure 5.1: Measured NO, adsorption for each catalyst for (i) NO only and (ii) NO +
C12. The dotted bar extensions represent additional uptake that occurred
during the TPD for Type II experiments from 100 to 200 °C.

tion is noted shortly after the minimum in the NO concentration, which is highest
for PASSZ and lowest for PABEA. After its peak, the NOs returns to its background
level for the BEA catalysts. There is a clear link between the amount of NOg gener-
ated and the amount of NO adsorbed. For example, it is noted that PASSZ has the
highest NO9 peak and adsorbs the most NO. For PdSSZ, the NOy does not return to
its background concentration. These measurements warrant some discussion.

There is currently an active debate regarding the formation of NOg during up-
take. One proposed mechanism involves the reduction of Pd cations in the form of
[PAOH]" that are bound to the negatively-charged [Al-O-Si]~ of the zeolite. A two-

step sequence is proposed as follows: 4393

2[PdOH]"Z™ + NO < 2Pd*Z™~ + NOgy + HyO (5.1)
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Figure 5.2: (a) NO,, (b) NO, and (c) NOg adsorption profiles for PABEA, PtPdBEA,
and PdSSZ (400ppm NO, 2% 02 and 3% HO).

and

NO+Pd*Z™ <~ NOPd*Z". (5.2)

According to rxns. 5.1 and 5.2 , each generated NO; involves the reduction of two Pd
cations from the +2 to +1 valence states. Another interpretation of these data is the
reduction of bulk PdOg to PdO that oxidizes NO to NOy, which stores as nitrates on

PdO, as in the following reaction:?%2

3NO +PdOg +1.502 <> Pd(NO3)g + NOas. (5.3)

Because the distribution of Pd species is dependent on characteristics of the zeo-
lite framework including the pore size and SAR, the mechanism for NO uptake and
NO; formation may vary. That point aside, while PABEA adsorbs more NO than
does PtPdBEA, PtPdBEA produces more NOs during uptake (Fig. 5.2¢). This result
contradicts the aforementioned link between NO uptake and NOg generation. The
inconsistency is attributed to the Pt in the PtPdBEA sample. We expand on the NOo
generation below.

The TPD profiles reveal two desorption regimes, one between 100 and 300 °C, and
the other between 300 and 500 °C (Figs. 5.3a—c). The existence of multiple desorption
peaks from Pd-exchanged zeolites and the sites associated with the desorbing species

have been proposed in the recent literature. The low temperature NO, peak that
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Figure 5.3: Impact of C12 on NO TPD profiles for (a,d) PABEA, (b,e) PtPdBEA and
(c,f) PASSZ. Feed conditions include (Top Row) 400ppm NO or (Bottom
Row) 400ppm NO and 200ppm Cis.

occurs between 170-185°C is mostly as NO for PABEA (Fig. 5.3a) but includes some
NOy for PtPdBEA (Fig. 5.3b) and PdSSZ (Fig. 5.3c). This peak is attributed to
the formation of nitrates, through the interaction of NOgy that forms during uptake
and HyO, which adsorbs on Pd in the form of Z"Pd?*Z~ or Z"[Pd(OH)]*.62.104.116 T},
higher temperature peak is likely due to more stable NO species adsorbed on isolated
Pd cations such as the nitrosyl, NOPd*Z~, or to surface nitrates bound to Pd cations;
e.g., NOg~Pd*z~ 64103

In addition to the TPD peak temperatures and magnitudes, it is instructive to
measure the percentage of desorbing NOg, given by

Sl 0 o,d T

fNO2 — 100 x Tads

Tfinal
fTads CNOxdT

(5.4)

where T is the feed temperature and C; is the concentration of i (i = NO, NOg, NO,)
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in ppm. We also report the percentage of NO, that desorbs above 200°C, given by

j‘TTfinal CNOxdT
j‘TTfinal CNOxdT

ads

dr =100 x

. (5.5)

The fyo2 value is ~7, 42, and 3 % for PABEA, PtPdBEA, and PdSSZ, respectively.
Table 5.4 provides these values in more detail. PABEA generates little NOg during
the NO uptake and therefore releases very little during the TPD; PtPdBEA releases
NOg throughout the TPD; and PdSSZ releases NOgy both during the low temperature
peak and at lower levels throughout the uptake period. These differences in the NOo
are attributed to a combination of two factors; (i) the catalytic NO to NOy oxidation
activity, and (ii) the low temperature NO adsorption mechanism. Factor (i) concerns
the direct oxidation of NO to NOs. Pt is a much more effective NO oxidation catalyst
than is Pd. 10141 Factor (ii) concerns the generation of NOy during NO uptake by the
aforementioned Pd reduction mechanism (i.e., rxn. 5.1).

Table 5.4: NO desorption metrics

daoo d2oo fyo, fNo,

(%, NO only) (%, NO + C12) (%, NO only) (%, NO + Cy9)
PdBEA 66.2 73.8 7.8 1.3
PtPdBEA 55.6 57.4 42.4 17.6
PdSSZ 84.2 99.2 2.7 0.2
Seq-BS 78.8 99.6 7.4 41.6
Seq-SB 85.6 96.4 0.7 27.7
DL 86.0 954 58.3 23.2

Besides the extent of NOy formation, the TPD peak magnitudes and desorption
temperatures vary for each catalyst. PABEA has two peaks, one at 170°C and the
other at 335°C. PtPdBEA has a larger low temperature peak than PABEA but a much
smaller peak at 302°C. PdSSZ has a clear bimodal, and possibly trimodal, TPD peak
distribution. The differences in the TPD profiles are attributed to the framework type
and to the PGM loadings. Since the PABEA catalyst has a higher Pd loading than

PtPdBEA, it stores more NO at the higher temperature binding site represented by
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the peak at 335°C. PtPdBEA has a lower PGM (and Pd) loading, so its overall NO
uptake is lower. The addition of Pt catalyzes more NO oxidation to NOg, resulting in
a higher low temperature peak. PdSSZ has both a large desorption peak that occurs
at 180°C and one at 400°C, resulting in an increase in the dggg value from 55% and
65% for PABEA and PtPdBEA, respectively, to 84% (Table 5.4).

A comparison of the NO uptake and release data show that PdSSZ is the superior
NO trap. Even with half the Pd loading of the PABEA sample, significantly more
NO is adsorbed. The findings suggest that Pd is not as well dispersed in the BEA
zeolite as it is in SSZ-13 zeolite. This may mean that Pd exists in the form of PdO
clusters on BEA, which not only have a lower dispersion than atomically dispersed
Pd cations but also have a lower affinity for NO. Clearly, in the presence of HyO, the
1wt.% Pd/SSZ-13 sample is the best choice, consistent with previous experimental
findings. %2

The NO trapping features of the catalyst samples were further evaluated by
adding 200 ppm Ci9 to the feed. Fig. B.2 shows the transient Ci9 uptake profiles
for the samples. These data demonstrate the dramatic contrast between the BEA-
containing materials and the SSZ-only catalyst. The C12 uptake on the BEA catalysts
is the highest (204 and 142 uymol/g-cat) but is much lower (66 pmol/g-cat) on PdSSZ.
This decrease is a result of the difference in pore size of the zeolites; small-pore SSZ-
13 has a pore size of 0.37 nm compared to 0.65 nm for BEA. Thus C12 experiences
a higher diffusional resistance in the SSZ-13. Most of the C12 uptake on PdSSZ is
likely on the external surface of the SSZ-13 crystallites resulting in little or no inhi-
bition of NO uptake by Ci2. In contrast, NO uptake is inhibited by Ci2 on the larger
pore BEA (Table 3.3, Fig. 5.1). The adsorption profiles show no consumption of NOy
(non-zero concentration) nor any formation of N9O, indicating negligible reactivity
between the co-adsorbing NO and Cy2 (Fig. B.3). In our previous work we described

the formation of NoO (and lack of NOs) during co-adsorption of NO and C3Hg, which
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signified reduction of NOy. 36 The difference is likely due to the more reactive nature
of C3Hg at low temperatures and interaction with the BAS, while Cy9 is less reactive
at these temperatures.

The TPD profiles of each catalyst with Ci92 added to the feed reveal significant
changes in the desorption behavior (Figs. 5.1d—f). For PABEA there is a small NO
peak below 180°C, which is followed by a very sharp doublet with peaks at 231 and
268 °C, and finally a smaller broad peak at 375°C (Fig. 5.1d). The sharp peaks
are concurrent with the Ci2 desorption peaks and appear to be associated with the
exotherm associated with C;9 oxidation. The NO, profile, which consists only of NO,
has an increased fraction of strongly held NO with the dggp increasing from 66%
without Ci2 to 74%. For PtPdBEA the peak distribution is like the NO-only feed
but includes a new small but sharp peak at 235°C (Fig. 5.1e). In the presence of
Ci2 there is a decrease in the magnitude of the first peak, as well as an absence of
NOsy and a peak of N9O. The slight decrease in NO, desorption indicates inhibition
of NO uptake by C12, while NoO formation is likely due to NO, reduction by the Ci2
or its partially oxidized products. NoO formation is commonly observed during lean
NO, reduction by hydrocarbons on precious metal catalysts. 42 The difference in the
peak distribution for the PABEA and PtPdBEA catalysts is likely due to the presence
of Pt in the latter, which is a more active NO reduction catalyst.!13 Once the Cyy is
consumed, some NOs formation ensues, resulting in ~18% NQOg formation during the
TPD. In the PABEA catalyst, however, the absence of Pt leads to desorption of NO
only, resulting in ~1% of NOy formation.

While most of the NO desorbs during the period of C12 desorption and oxidation
for PABEA and PtPdBEA, there is a noted shift in NO desorption to higher temper-
atures for PASSZ. In the absence of Cig there is a low temperature peak at 180°C,
while in the presence of Cio a dual NO peak at 297 and 385°C (Fig. 5.1f) is ob-

served. The shift results in a very high fraction (99%) of trapped NO desorbing above
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200°C. Since the desorbing amount of NO is nearly the same for both feeds (73 vs. 75
pmol/g-cat), this feature indicates that Cio inhibits NO release. This outcome was
not expected given the rather low uptake of Ci9 on the small-pore SSZ-13 sample.
This may suggest that C;9 residing on the external surface or in the mouths of the
pores of the PASSZ crystallites restricts NO desorption. Not until Ci2 is completely
desorbed/oxidized is NO released, suggesting that the C12 blocks the NO from leav-
ing the crystallite. In contrast, for the PABEA sample, the larger pores enable the
intracrystalline transport of C12 and NO. This is evident from the simultaneous re-
lease of the two species during the TPD. This temperature shift in the NO desorption
is yet another reason why PdSSZ is a better choice as a PNA material.

The C19 desorption behavior is related to the adsorption capacity and PGM load-
ing of each catalyst. A large fraction of C1g is trapped on PdABEA, which leads to a
large desorption peak during TPD followed by the formation of CO2 at 260°C (Fig.
B.4a). The C19 peak consists of two sharp features, the second of which probably re-
sults from the oxidation exotherm. In addition, the PABEA exhibits some activity for
Ci2 cracking during the TPD, the products of which desorb during the low tempera-
ture C19 peak (Fig. B.5). These cracking products include hexane, pentane, octane,
propylene, and acetaldehyde, which together comprise 57% of the total carbon re-
leased during desorption. The remaining carbon is in the form of COgy (18%) and Cy2
(25%, Table 5.5). For PtPdBEA, which stores slightly less C12 than PdBEA, similar
features are evident during the TPD, including a primary release peak followed by a
sharp CO and COq peak (Fig. B.4b). However, Ci2 cracking was not observed. This
is likely due to the increased activity of Pt that enables a more efficient catalytic oxi-
dation, resulting in 77% of the C desorbing in the form of COs. Finally, PASSZ stores
less C12 than the BEA catalysts because of its smaller pores. It also exhibits lower
oxidation activity and generates more CO and less COy. These appear as more pro-

tracted peaks compared to the BEA catalysts (Fig. B.4c). Because of the resistance
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to oxidation (and lack of sharp exotherm) the C;9 peak desorbs without an additional
sharp peak. While the low temperature release of C12 seems detrimental to the over-
all performance of the LHCNT system, the PtPdBEA and PdSSZ catalysts mitigate
some of this effect by generating more COg than unoxidized Cqs.

Table 5.5: C19 adsorption, light-off, and TPD selectivity

(Mmﬁd(sl1(2j;g2-cat) Light Off °C) - Scy,  Sco,  Sco Scs-cq
PdBEA 204+38 280 25% 18% <1% 57%
PtPdBEA 142+20 300 26% 73 <1% 0%
PdSSZ 66 340 23% T7% <1% 0%
Seq-BS 203+23 280 24% 5% <1% 0%
Seq-SB 219+26 293 27% T3% <1% 0%
DL 163+43 278 25% T4% <1% 0%

In order to evaluate the performance of these catalysts under more realistic con-
ditions, Type II experiments were conducted using feeds of NO and NO + C;2. From
these data, the light-off temperature of Ci2 and maximum conversion of NO were
determined (Tables 5.3 and 5.5). The resulting C;9 light-off temperatures are 340°C,
300°C, and 280°C for PdSSZ, PdABEA, and PtPdBEA, respectively (Fig. 5.4). Some
improvement in light-off is evident by the addition of Pt to the PABEA. More notable
is the difference in the ability of the PtPdBEA to fully oxidize Ci2 by 380°C, while
PdBEA exhibits a more gradual approach to 100% conversion beyond 400°C. While
the PdSSZ catalyst is able to light-off Cq9, it does not achieve complete conversion
and instead approaches 95%. The variations in oxidation activity are a result of
Pt/Pd accessibility and zeolite pore size. In the BEA catalysts, which probably con-
tain PdO/PtO nanoparticles (as indicated by the lower NO uptake), C12 can easily
access the active sites. For PASSZ however, the Pd is mostly distributed in the pores
of the zeolite crystallites, so oxidation is diffusion limited and the Ci9 cannot easily
access the Pd.

The findings from the single catalyst experiments provide guidance for selecting

materials and designing the multi-functional LHCNT catalyst, which we consider in
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the next section. As mentioned previously, PASSZ is the clear choice for NO uptake.
For C19 adsorption, both PtPdBEA and PdBEA are equally effective. However, Pt-
PdBEA shows higher oxidation activity for Ci2 and has an overall lower loading of
PGM. Furthermore, enhanced NO conversion (to NOy) is achieved with the PtPdBEA
catalyst, indicated by a maximum NO conversion of 35% at 350°C (Fig. 5.4b). In con-
trast, the NO conversion does not exceed 5% with the PABEA and PdSSZ catalysts.
The NO oxidation activity of Pt is well-known, but demonstrating its activity with
BEA is reaffirming. 4 If the LHCNT is to be used in tandem with a downstream
SCR, high NO oxidation rates contribute to the “fast SCR” reaction, which involves

NO and NOs , as shown in the following reaction:?

2NH3 + NO +NOg — 2N + 3H20. (5.6)

This “fast SCR” reaction is desirable in that it promotes the reduction of NO, to
Ny compared to either standard SCR (NHs + NO + O3) or NOg SCR (NH3 + NOy)
[40,41].933 Further, due to diffusional limitations of the small pore zeolite, Pt needs
to be incorporated into the top (PtPdBEA) layer of a dual-layer catalyst. Therefore,

we combined PtPdBEA and PdSSZ into a series of multi-component configurations

134



that comprise the remaining results of this work.
5.3.2 Sequential systems

Based on the findings from the individual catalyst evaluations, PASSZ and Pt-
PdBEA are good candidates to be used in a sequential catalyst system. In this sec-
tion we analyze two sequential configurations; the first has the PtPdBEA catalyst
placed upstream of the PdSSZ while the second has the PdSSZ positioned upstream
of the PtPdBEA. We compare the two configurations with the focus on identifying

both desirable and undesirable coupling effects.

Pt-Pd/BEA — Pd/SSZ-13 (Seq-BS)

The first sequential configuration consists of PPPdBEA upstream of PdSSZ (“Seq-
BS”). For a feed containing NO, the uptake profile is very similar to that of PdSSZ
only, as noted by a large peak of NOg at the onset of adsorption, followed by a sus-
tained generation of NOg (Fig. B.3d). Seq-BS gives an NO uptake of 72.3 umol/g-cat,
which is within 2 % of the NO uptake of 73.4 umol/g-cat obtained with PdSSZ alone
(Table 5.3, Fig. 5.1). In the presence of C19, as with the PASSZ sample, the NO uptake
changes negligibly (72.3 vs. 73.2) and the uptake profile exhibits similar characteris-
tics (Fig. B.3j). Adsorption of C;9 increases from 142 umol/g-cat for PtPdBEA (and 66
in the PdSSZ sample) to 203 umol/g-cat, which is close to the sum of the individual
catalyst adsorption capacities. Thus, neither the NO nor C12 uptakes obtained with
the Seq-BS catalyst configuration show any loss in performance during the uptake
part of the experiment.

Further evaluation of the sequential design considers the TPD portion of the ex-
periment with the data for Seq-BS shown in Fig. 5.5a (NO only) and 5¢ (NO + Ci2).
For the NO-only feed, NO desorbs as 3 peaks at ~190, 290, and 400 °C, with NOg
formation occurring only in the first peak (Fig. 5.5a), and results in 83 ymol NO,

/g-cat desorbed. Addition of Ci2 to the feed decreases the NO, release to 76 umol/g-
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cat. There is an appreciable delay in the NO desorption, shifting the temperature
of the first large peak from 189°C (Fig. 5.5a) to 300°C (Fig. 5.5¢). The overall out-
come is two primary peaks at 300 and 388°C, the latter of which is larger. There is a
very small NO peak at ~140°C, which is likely a product of desorption from the Pt-
PdBEA layer (more discussion on this point to follow). There is also the appearance
of minor peaks of NoO and NOg at the same temperature as maximum C;9 desorp-
tion (~200°C). The delay in NO desorption with C19 in the feed, as discussed for the
individual PdSSZ earlier, is attributed to adsorbed C12 blocking the release of NO.
The Ci2 desorption profile for Seq-BS consists of a large peak between 100 and

200 °C, concurrent with a sharp peak of CO9 and some CO formation in two different
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Figure 5.6: Corresponding C12, CO9, and CO (inset) TPD profiles for (a) Seq-BS and
(b) Seq-SB for a feed of 400ppm NO, 200 ppm Cq2, 2% O9 and 3% HsO.

regions of the TPD profile (Fig. 5.6a). CO is observed at the onset of COy formation,
and then again at 330°C. Because there is no Cio desorbing (or COg forming) at
the higher temperature, that CO may be a result of CO released earlier that re-
adsorbs downstream on the Pd sites of the PASSZ. Previous studies involving CO
adsorption on Pd/SSZ-13 and Pd/BEA indicate that CO not only adsorbs on these
materials, but can also delay NO desorption to higher temperature [15,16].117:134
Thus, CO desorbing from the upstream PtPdBEA may adsorb on the favorable PdSSZ
sites. This is a beneficial effect because the total amount of low-temperature CO
slip is reduced. In addition to these features, an exotherm is generated at the peak
desorption of Cq9 (Fig. B.6). The temperature increase propagates downstream to
the PdSSZ catalyst which has the effect of increasing desorption rates, resulting in
the sharp peak in the temperature range of 200-220°C (Fig. 5.5¢). This peak initially

consists of NoO as Cig continues to oxidize and reduce NO,, but then shifts back to

NO as the temperature rise subsides.

Pd/SSZ-13 — Pt-Pd/BEA (Seq-SB)

To determine if there is a significant performance impact of sequence order on

NO or Cq2 uptake, a series of experiments were conducted on the sequential configu-
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ration in which PdSSZ is placed upstream of the PABEA (“Seq-SB”). In the absence
of C12, NO uptake remains high at 75 umol/g-cat, which is very close to that obtained
with Seq-BS (Table 5.3). One of the key differences encountered with Seq-SB is the
increased formation of NOg during the TPD, resulting in an fyg2 of 41.6%, compared
to only 7.4% with Seq-BS (Fig. 5.5a, 5.5b). The PtPdBEA component is much more
active for NO oxidation, as shown earlier (Fig. 5.4b). This feature is clear evidence
of NO desorbing from the upstream PdSSZ and traveling downstream where it is ox-
idized to NOg on the PtPdBEA. As the temperature increases, reaction equilibrium
increases the rate of NOg decomposition. As a result, less oxidation occurs during
the second peak at ~392°C.

The Seq-SB configuration with a co-feed of NO + C12 shows a large delay in the
NO and NOg desorption (compare Fig. 5.5d to 5.5b). A similar feature was encoun-
tered for NO with the Seq-BS configuration (compare Fig. 5.5¢ to 5.5a). The dggg
for Seq-SB is 96.4%, and the NO uptake is 73 umol/g-cat, a minor deviation from
the NO-only case. The corresponding TPD profiles for C12, CO and COg show only
one peak for each of the three species (Fig. 5.6b). This is a clear difference from
the Seq-BS configuration, which has multiple CO desorption peaks (Fig. 5.6a). The
single peak for Seq-SB indicates no additional downstream adsorption of CO. This is
because the downstream PtPdBEA catalyst is active enough to oxidize any CO that
forms during partial oxidation upstream. As with Seq-BS, once C1g is fully desorbed
or oxidized, NO, desorption commences. One of the main differences between Seq-
SB and Seq-BS is a somewhat larger low temperature NO desorption peak (138°C)
for the former (compare Figs. 5.5d and 5.5¢). This NO desorption occurs simultane-
ously with the C;9 desorption and N9O formation. A similar feature was observed
during the TPD with PtPdBEA (Fig. 5.3b). This low temperature NO peak is likely
caused by simultaneous desorption of NO and Cio from the downstream PtPdBEA

catalyst, whereas in Seq-BS the desorbing species may be re-adsorbed downstream
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on the PdSSZ catalyst, similar to CO discussed earlier. While the early release of
NO hinders the performance of the LHCNT, the amount only leads to a 3% decrease
in the dggg from 99.6% in Seq-BS to 96.5%. As with the NO, TPD for Seq-BS, most
of the NO, desorbs from two primary peaks, one at 285°C and one at 381°C. The
magnitude and temperature of these peaks is similar for both sequential configura-
tions, showing that NO adsorption on the primary sites (i.e., Pd on SSZ) is negligibly

affected by the order of the catalysts.
5.3.3 Dual layer catalyst performance

The two sequential configurations show some distinct features and performance
advantages for coupled NO and Cio trapping and conversion. However, these come
at the expense of increased catalyst volume. It is therefore of interest to determine
if comparable performance improvements can be achieved with a dual-layer (DL)
configuration. To this end, we conducted the same set of experiments with a DL
catalyst that contains the same total amount of washcoat in each layer as the two
catalysts from the sequential configurations. Specifically, the bottom layer consists of
the PdSSZ, and the top layer PtPdBEA (1.5 g/in®/layer, Table 5.1). Thus, whereas the
two sequential systems have two thinner washcoats in series, each with loadings of
1.5g/in3, the DL sample has a single thicker washcoat with twice the loading (3g/in?)
but half as long.

Performance results for the NO-only feed and NO + Cy2 feed are shown in Figs.
5.7a and 5.7b, respectively. The NO uptake was measured to be 86 pmolNO,/g-cat for
the former and 77 umolNO,/g-cat for the latter. These values are consistent with the
performance of the sequential configurations, if not slightly higher (Fig. 5.1, Table
5.3). The adsorption profile for the DL catalyst is similar to the sequential systems,
with a slight decrease in the NOg peak formation (Figs. B.3f, B.3/). In the absence
of C12, the TPD profile consists of 58% NOs (Fig. 5.7a) and decreases to 23% in the

presence of C1o (Fig. 5.7b).
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Figure 5.7: TPD Profiles for DL catalyst. Feed: (a) 400ppm NO or (b) 400ppm NO +
200ppm C19 and 2% Og, 3% H20, using a ramp rate of 20°C/min.

The TPD for the NO-only feed to the DL catalyst consists of two overlapping
regions comprising a shoulder at 182°C and a peak at 285°C (Fig. 5.7a). Beyond
the maximum is a long tail extending out to 450°C. This contrasts to the sequential
systems that have two or more clearly-defined NO, (and NO) peaks (Figs. 5.5a,b).
More specifically, there is a smaller amount of low temperature NO released for the
DL sample compared to the Seq-BS sample, and an earlier release of the ~400°C
peak. The single NO, peak with the shoulder results in more efficient NO oxidation
in the PtPdBEA top layer. The NOg profile in Fig. 5.7a shows a distinct maximum in

NOg concentration of ~11 ppm at 285°C. This is higher than either of the sequential
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configurations (Figs. 5.5a, 5.5b), and results in 58% of NO, desorbing as NOs. The
increase may be due to the fact that all of the NO that is trapped in the bottom
PdSSZ layer must diffuse through the top layer, so there is more contact with the
Pt sites. In contrast, in the Seq-SB experiment, the desorbing NO from the PdSSZ
catalyst flows down the channels of the PtPdBEA. If the flow rate is too high NO,
slip may occur, lowering the extent of NO oxidation. Since the NO oxidation to NO9
typically exhibits a temperature maximum, the tail above 400°C represents NOg
decomposition to NO. The difference in the peak profiles between the DL and Seq
configurations could also be a result of shorter length and thicker coating of the DL
catalyst, making it susceptible to washcoat diffusional effects.

In contrast, for the NO + Cq9 co-feed the TPD results are similar to the Seq-SB
sample, consisting of a small NO peak at 143°C, a sharp peak at 209°C concurrent
with Cy2 oxidation and N2O formation, and a delayed desorption of NO, above 300°C
containing the characteristic NO, double peak (Fig. 5.7b). This would indicate that
the placement of the PASSZ layer does not impact performance. The inhibition of
NO desorption by C1g is a bigger factor than the low temperature desorption effects
created by the top layer. The low-temperature NO peak at 143°C represents NO des-
orbing concurrently with Cio from the PtPdBEA top layer. Unlike the Seq-BS case,
where that low temperature peak did not exist due to its adsorption downstream on
the PASSZ catalyst, the NO peak in the DL catalyst suggests NO from the top layer
does not re-adsorb downstream into the PdSSZ layer. This is likely due to diffusion
limitations and the shorter length of the catalyst. In other words, the diffusivity of
NO from the top layer into the bottom layer is less than the diffusivity into the bulk
phase.

The distribution of NO and NOg; is similar to the Seq-SB sample (23% NOy), as
is the formation of NoO near 200°C. One of the notable differences is the increased

magnitude of the intermediate NO, peak at 311°C. For Seq-SB this peak is smaller
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Figure 5.8: Corresponding C12, COg, and CO TPD profiles for DL catalyst for a feed
of 400ppm NO, 200 ppm Cq9, 2% Oz and 3% H5O.

and occurs at a lower temperature (285°C). Both the Seq-SB and DL catalysts with
C12 in the feed exhibit lower NOgy formation compared to the NO-only feed, but since
most of the Ci9 desorbs before NOs is formed (Fiig. 5.7b), this is not caused by reduc-
tion but by decreased NO oxidation rates at the higher NO desorption temperature.
Thus, in order to maximize NOy formation and desorption above 200°C, the NO des-
orption temperature needs to be tuned so as not to occur too late (or early).

The C12 TPD for the DL catalyst resembles that of the sequential configurations,
indicating that the PtPdBEA top layer is still active for HC uptake (Fig. 5.8). The
total adsorbed Cj2 is lower for DL than for either of the sequential catalysts. This
may be due to the diffusional resistance of the PtPdBEA top layer limiting uptake
on the bottom PdSSZ layer. Following the desorption of Cio there is a sharp COq
peak and a small (2ppm) CO peak just above 200°C, indicating complete oxidation
and desorption. The selectivity of CO2 during the TPD is ~75%, indicating sustained

oxidation activity for the multicomponent systems (Table 5.5).
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5.3.4 Type II experiments

In order to better understand the effect of combining the two catalyst functions,
Type II experiments were conducted for Seq-BS, Seq-SB, and DL catalysts with and
without Ci2. As a reminder, in these experiments the feed to the catalyst is sus-
tained throughout while the temperature is ramped from 100 to 500 °C after a 5 min
exposure at 100°C.

Fig. 5.9 shows the results for Seq-BS, Seq-SB, and the DL catalysts for the NO-
only feed (top row, Figs. 5.9a—c) and NO + Cig co-feed (bottom row, Figs. 5.9d-f).
[Note that the time scale has been readjusted relative to the start of each tempera-
ture ramp for uniformity.] A common feature for each of the samples is the uptake
of NO and generation of NO;y that occur at the start of the temperature ramp. This
feature was found to be unique to the Pd/SSZ-13 catalyst which is present in each
of the configurations. As described by Gupta and Harold, 143 the uptake of NO and
concurrent generation of NO; is a result of competitive adsorption between NO and
H5O along with the reduction of Pd. That feature is not observed with Pd/BEA (Fig.
B.7). This additional NO uptake generated by the temperature ramp is added to the
bars in Fig. 5.1 as a dotted line section for each of the catalysts and feeds (i.e., with or
without C12). The increase in NO uptake is attributed to the desorption of HoO from
the Pd cations at higher temperature, which is replaced by NO on the same sites.
Finally, each of the three configurations shows comparable NO oxidation, with the
DL catalyst exhibiting the highest peak conversion of 36% at ~350°C (Figs. 5.9a—c).

The addition of C19 to the feed leads to significant changes in the behavior of each
of the configurations. For each, following the additional NO uptake below 200°C,
there is a large dip in the NO, concentration at 225°C, concurrent with the non-
negligible generation of NoO at a concentration of ~90ppm. Fig. 5.10 shows the cor-
responding Ci2 conversion for the co-feed Type II experiments. The decrease in NO,

occurs as Cig is oxidized, resulting in lean NO, reduction. In the temperature range

143



200

300

400

500 100

Feed Temperature (°C)

200

300

400

500 100

200

300

400

500

o

500

100 -~

(b)

X=34%

e NO,
N,0

),

o ©

X=36%

400

Concentration (ppm), Tcm (°C)

300

200

100"

X=4%

LN\ L

X=14%

500

750

1000 0

250

500

750

Time (s)
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of C19 oxidation light-off (270°C-300°C), very little NOg is detected, indicating that it
is being consumed through reaction with C1g or partial oxidation products. Once the
conversion of C19 exceeds 90%, N2O formation subsides and NOy formation begins.
The configuration type affects the amount and temperature of NOg formation. For
Seq-BS, there is very little NOg formation, never exceeding 4% NO conversion beyond
500°C. For Seq-SB, there is a notable peak of NOg above 300°C which is probably due
to the oxidation of desorbing NO that occurs in this temperature range. Because the
oxidation catalyst is upstream in Seq-BS, it is likely that the exotherm leads to an
increase in NO desorption at lower temperature that is consumed during reduction
to N2O. In contrast, for Seq-SB the exotherm effect is downstream so NO desorption
proceeds at the conventional temperature and is then oxidized to NOs.

Consistent with conclusions drawn from the Type I experiments, Seq-SB is the
best configuration for generating NOg and desorbing NO, at higher temperatures.
For the DL catalyst, there is a slight decrease in NO oxidation in the presence of C12

compared to the Seq-SB catalyst, resulting in an NO conversion of only 7%. This is
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due to the decreased conversion of C19 during the ramp (Fig. 5.10c), which we discuss
below.

The C19 oxidation for the sequential systems is similar to the DL catalyst, with
a light-off temperature of 280°C for Seq-BS and 293°C for Seq 2 (Figs. 5.10a, 5.10b).
There are some differences in the CO formation profiles for all three cases, with
the Seq-BS giving a sharp peak of CO followed by a slow decline, and the Seq-SB
only having a sharp peak during light off. The presence of CO could be due to par-
tial oxidation of Ci9 on the downstream PdSSZ catalyst, resulting in CO slip. This
may also lead to reduced NO oxidation at higher temperatures due to CO inhibition,
whereas the Seq-SB catalyst generates more NOg and less CO. Unlike the sequential
systems, which achieve 100% conversion during the TPD, the DL catalyst does not
achieve complete oxidation (Fig. 5.10c). This undesirable feature is similar to the
PdSSZ only case (Fig. 5.4a), which also exhibited a maximum conversion of 95%.
This would indicate that the light-off behavior is controlled by the PtPdBEA layer,
but at higher temperatures the oxidation activity is controlled by the PdSSZ layer
and therefore exhibits diffusional limitations. This is further evidenced by the grad-
ual increase in CO formation, indicating partial oxidation of C;9 interacting with the

PdSSZ layer. The persistence of C19 therefore inhibits NO oxidation.
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Figure 5.11: NO, TPD profiles comparing feeds on DL catalyst. (a) 400ppm NO and
800 ppm C3Hg, (b) 400ppm NO, 800ppm C3Hg, and 200ppm Cys.

5.3.5 Effect of CsHg on NO and Ci, uptake

To determine the effect of smaller hydrocarbons on the NO TPD profile of the
DL catalyst, selected Type I experiments with 800 ppm of C3Hg in the feed were
conducted (Table 5.2). The TPD profiles shown in Fig. 5.11 for NO + C3Hg and NO
+ Cq2 + C3Hg indicate that the mechanism for C3Hg adsorption is unsurprisingly
different than that for C19 adsorption. For the feed containing NO and C3Hg, there
is a desorption peak of CsHg between 100 and 200 °C followed by a large single
release peak of NO, at 383°C, composed of 27% NOy. Because there is only one peak,
the dggg in the presence of C3Hg is 98%. In the presence of both C3Hg and Ci9, the
TPD profiles of NO, and Cq2 are identical to those without C3Hg (Fig. 5.7b), with
a dggo of 98.7%. The total amount of NO, desorbing during these two experiments
is similar (73.2 and 72.5 umol/g-cat), indicating that the presence of these HCs does
not affect the extent of NO uptake.

The HCs do have an impact on the NO, desorption behavior, however (Fig. 5.11).
In comparing the TPD profiles for Cio only (Fig. 5.7b) and for Ci2 + CsHg (Fig.
5.11b), the low temperature NO peak at 164°C is not as pronounced when there

is C3Hg in the feed. This suggests that CsHg inhibits NO uptake in the PtPdBEA
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layer. In addition, since the NO profiles for the C12-containing feeds with and without
C3Hg are similar, it is likely that Ci9 limits C3Hg adsorption on the PtPdBEA layer.
Further, because NO desorbs as a single peak in the presence of CsHg only, C3Hg
affects NO adsorption on PASSZ sites, thereby preventing the 334°C NO peak from
occurring (Fig. 5.11b) and shifting the desorption instead to a single peak.

In the presence of both hydrocarbons, C3Hg fully desorbs by 200°C, but C;5 con-
tinues to desorb until 236°C. In the corresponding C3Hg and C19 TPD profiles (Fig.
5.12), the COqy formation peak for C3Hg is much smaller than in the presence of
CsHg + Cq9. This is likely a result of decreased uptake of C3Hg. Here the COq profile
exhibits a second peak that occurs at the same temperature range as the NO, des-
orption, indicating that indeed there is additional C3Hg uptake occurring on PdSSZ
that desorbs as the oxidation product COqy (Fig. 5.12a). This may indicate the for-
mation of stable surface species between adsorbing CsHg and NO that results in
the delayed desorption of NO,. In the presence of Cq9, this secondary COg peak is
not measurable, with CO9 desorbing instead as one large peak at 250°C (Fig 5.12b).
This single peak formation is similar to all Ci2-containing experiments, indicating

that C19 adsorption controls the overall system behavior.
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Figure 5.12: HC TPD profiles comparing feeds on DL catalyst. (a) 400ppm NO and
800ppm C3Hg, (b) 400ppm NO, 800ppm CsHg, and 200ppm Cjs.

To assess the performance of the DL catalyst under more practical feed condi-
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tions, Type II experiments were conducted using a feed of NO + CgHg (+ C12). Be-
cause of the smaller size and higher reactivity of C3Hg within the zeolite pores, sev-
eral notable interactions are observed (Fig 5.13). During uptake, NOg forms only in
the absence of C3Hg (Fig. 5.13a,b). This is likely due to reaction with C3Hg leading
to stable surface intermediates or adsorption inhibition, not reduction of NOg. This
is evidenced by the lack of NoO, CO and COy formation during uptake (Fig. B.8).
As the temperature increases, there is no additional uptake of NO nor formation of
NOg, further suggesting that the C3Hg inhibits this chemistry. In terms of evaluat-
ing the ability of the DL catalyst to oxidize NO, Ci9, or C3Hg, all three feeds lead to
a sharp NO consumption peak and a concurrent NoO formation peak. During this
period the HCs are oxidized before the NOy appears. Besides the simple feed of NO
only (Fig. 5.13a), the highest NOg formation is seen in the C3Hg-only case, likely due
to a lower light off temperature and resistance to diffusional limitations (Fig. 13c).
In the experiments containing C;9, the catalyst is unable to reach 100% conversion,
resulting in NO oxidation inhibition (Figs. B.8a,c). In the presence of C3Hg, both the
formation of NOy and the conversion of Ci9 are enhanced (Fig. 5.13d), most likely
because of the increased exotherm caused by the facile oxidation of C3Hg (Fiig. B.9).

This effect results in slightly higher NOg formation than in the C;2 only case.

5.4 Conclusions

The comparative effectiveness of a series of catalysts including single-layer cata-
lysts, sequential, and dual-layer configurations containing two precious metals (Pt,
Pd) and two zeolite frameworks (BEA, SSZ-13) was systematically investigated. Cat-
alyst performance metrics were quantified, including the uptake of NO and C1g in the
presence of Oy and HoO with performance features during uptake and desorption
identified.

Pd/SSZ-13 excels for NO uptake even in the presence of Ci9, and PtPdBEA is

exceptional for Ci9 storage and oxidation. We find both the sequential and dual-
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Figure 5.13: Type II NO, profiles comparing feeds on DL catalyst. Feed: 2% Oq, 3%
H50, and (a) 400ppm NO, (b) 400ppm NO + 200ppm Cy2, (c) 400ppm NO
+ 800ppm C3Hg, and (d) 400ppm NO + 800ppm CsHg + 200ppm Cio.

layer systems to exhibit similar uptake features for NO and C;g, all of which perform
significantly better than the individual systems. During sequential system experi-
ments, the overall uptake of NO or C12 does not depend on the order of the sequence,
but the order does affect NOg generation and exothermic effects.

The dual layer configuration consisting of 1 wt.% Pt-Pd/BEA on 1 wt.% Pd/SSZ-13

works particularly well because it traps HCs on the top layer and NO on the bottom
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layer with little inhibition and with a smaller catalyst volume. We find that large and
small hydrocarbons including C12 and C3Hg delay NO, desorption for this dual layer
system to temperatures between 300 and 400 °C, with 95-99 % of all NO,. desorption
occurring above 200°C. The incorporation of Pt to the top layer can effectively oxidize
C12 below 300°C and can oxidize NO to NOg as it desorbs from the bottom SSZ layer,
a useful attribute for improving activity of the downstream SCR catalyst.

Several improvements of the dual-layer configuration were identified. Most im-
portantly, a decrease in overall monolith volume is achieved without significantly
compromising performance. However, we also find that C;9 oxidation on the dual
layer is diffusion-limited, although the addition of C3Hg leads to improved conver-
sion at high temperatures. By performing two types of experiments (Type I and Type
IT), we were able to evaluate the desorption profiles at both a high level of accuracy
and under practical feed conditions. Type I experiments show that too high of a NO,
release temperature may lead to a decrease in NOgy formation. Since the dual layer
catalyst releases NO, at intermediate temperatures, it generates more NOy. Type
IT experiments indicate an increase in NO uptake during a temperature ramp from
100 to 200 °C, likely due to thermal desorption of HoO that drives the NO uptake
mechanism forward. In conclusion, the results of these experiments are very use-
ful in providing optimization strategies for LHCNT performance in the context of

combining various trap materials under a variety of feed conditions.
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Chapter 6: Conclusions

The research presented here focuses on gaining a deeper understanding of multi-
functional catalysts that can be used as part of more complete engine aftertreatment
system, and for determining optimization strategies for these materials. Through
this work we provide a thorough investigation of the performance of both high and
low temperature operating automotive catalysts that can store NO, and release or
convert it when the catalyst demands it. We also develop models that can predict the
performance of these catalysts. The systematic results enable the development of im-
provements in automotive catalysts, particularly those focusing on low temperature

sorption of NO, and HCs.

6.1 Conclusions

Experiments performed on the TWNSC catalyst reveal that depending on the
stoichiometric number of the feed, various performance metrics can be tuned. Steady
state experiments reveal that CO and C3Hg conversion increase with temperature
and stoichiometric number Sy, while NO, conversion and NHj3 production decrease
with increasing temperature and Sy. Under rich enough conditions, high amounts
of NHj3 can be produced, which is useful for coupling with a downstream SCR.

For cycling performance, the TWNSC may be tuned to achieve a high NO, con-
version and Ny selectivity. The concentrations of reductant and Og, duration of the
rich pulse (duty fraction), and cycle time may be tuned to achieve a desired NO, con-
version and/or NHg selectivity. If there is a large disparity in the lean/rich ratio over
the cycle, the NO, conversion exhibits a maximum value at an intermediate cycle
time, as does the ANR. Optimization should be possible for a particular application

that maximizes the NO, conversion and reductant utilization. Modeling work con-
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ducted on the TWNSC using experimental data was able to successfully predict most
of the performance features of the TWNSC, which is useful for additional optimiza-
tion studies.

Evaluation of 2wt.% Pd/BEA as a model LHCNT catalyst through both tran-
sient experiments and DRIFTS measurements reveal a combination of supportive
and detrimental coupling effects. The desorption profiles indicate the presence of
NO, storage sites that lead to various release temperatures throughout the TPD.
Adsorption of C3Hg is not trivial, resulting in higher hydrocarbons through coupling
mechanisms based on the acidity and pore structure of the BEA zeolite. The co-
uptake of NO and CsHg indicates that C3Hg is the dominant adsorbing species on
the BAS, inhibiting NO uptake. However, it was found that NO uptake on Pd is not
affected and instead desorbs at elevated temperatures compared to the absence of
CsHg. These results provide new insights into the chemical reaction pathways in-
volved in the LHCNT, which are more complex than originally thought. Addition of
water to the feed simplifies some of these interactions, however, as water blankets
the entire surface of the zeolite, effectively eliminating uptake on BAS. The results
are a useful stepping stone for developing a predictive model, which can ultimately
be used to further refine and optimize the performance of the LHCNT.

Based on the experimental data obtained for co-adsorption of NO and C3Hg on
Pd/BEA, a reactor model was developed. The model was able to predict NO and
CsHg uptake and release both individually and as a mixed feed. The model captures
the inhibition effect of C3Hg on NO uptake on BAS, and illustrates the complexity of
the reaction network when a mixed feed is involved. The model is an excellent tool
for generating a crude preliminary assessment of various materials and operating
conditions, including feed composition, temperature, and flow rate. Due to the com-
plexity of the reaction scheme and the ongoing debate regarding the nature of the

active sites of LHCNT-type materials, the model does not delve into molecular de-
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tails, and instead serves as a macroscopic predictive tool. Further model refinement
would address these challenges.

In order to achieve high uptake performance of both NO,. and HCs in the presence
of water, additional catalysts and design strategies were employed. In an architec-
tural study, small and large pore zeolites were combined with incorporated Pd or Pt
in a variety of configurations to improve performance and provide insights for opti-
mization. Individual catalysts were first tested, where Pd/SSZ-13 excelled at NO up-
take, even in the presence of C19, and Pt-Pd/BEA proved exceptional for C;2 storage
and oxidation. These catalysts were combined into a series of sequential and dual-
layer configurations. Both types of configurations exhibited similar uptake features
for NO and Cj9, and all performed significantly better than the individual systems.

The dual layer configuration consisting of 1 wt.% Pt-Pd/BEA on 1 wt.% Pd/SSZ-13
works particularly well because it traps HCs on the top layer and NO on the bottom
layer with little inhibition and with a smaller catalyst volume. We find that large and
small hydrocarbons including C12 and C3Hg delay NO, desorption for this dual layer
system to temperatures between 300 and 400 °C, with 95-99 % of all NO, desorption
occurring above 200°C. The incorporation of Pt in the top layer can effectively oxidize
C12 below 300°C and can oxidize NO to NOg as it desorbs from the bottom SSZ layer,
a useful attribute for improving activity of the downstream SCR catalyst. The results

of these experiments show promising results for improving the overall performance

of the LHCNT.

6.2 Future work

Although this research describes well-organized studies that provide a detailed
analysis of the phenomena that occur during operation of both the TWNSC and
LHCNT, there are several opportunities for improvement. Some examples are pro-

vided in the following sections.
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6.2.1 Spatiotemporal analysis of TWNSC

One of the interesting results of the TWNSC modeling work is the spatial res-
olution of reduction/oxidation products in the channels. To confirm these results,
experiments can be done with a Spaci-MS system, which contains a moveable capil-
lary that can analyze the products at various points along the length of a channel.
It would be interesting to see which products form at the front of the TWNSC as
opposed to only those measurable in the effluent. Work by Li et al. on a sequential
LNT+SCR catalyst configuration showed that during a lean/rich cycle, large amounts
of NO, (up to 400ppm) were generated during the rich phase on the upstream LNT
catalyst.’® Because of the SCR downstream, however, virtually no NO was detected
in the effluent. Therefore it is of interest to not only perform these spacial measure-
ments on a standalone TWNSC, but to also equip it with a downstream SCR catalyst

to see if the optimization strategies are upheld in practice.
6.2.2 Modeling of complex LHCNT systems

Our work on the LHCNT model thus far demonstrates the complexity of model-
ing a transient system in both the global and micro kinetic regimes. As the number
of reactions increases, so does the computational effort for estimating parameters.
Modeling the single catalyst is useful for confirming the proposed reaction schemes,
and the model can be used to predict catalyst performance at different tempera-
tures, feed conditions, or for zeolite frameworks, just by modifying specific parame-
ters. After further refining the current model for a single LHCNT catalyst, it would
be beneficial to model the dual-layer or sequential configurations described in Chap-
ter 5. Predicting the behavior of a dual-layer system would be particularly useful
in order to explore the diffusion limitations created by the top layer. It would allow
further investigation into the conversion resistance experienced by Ci2, and it would

help us understand the delayed NO desorption temperature. Such a model would be
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more complex however, not just because of the dual-layered architecture. A crystal-
lite scale model would need to be developed, similar to that by the work of Shakya et
al.,® in order to capture the effect of C19 pore blocking on NO diffusion. In that study,
Pt crystallites were modeled for an LNT application to predict NO, storage behavior
during lean/rich cycles. A similar model would be very beneficial for predicting the
diffusion of NO and C;9 during desorption, enabling a deeper understanding of these

mechanisms and generating a more accurate predictive model.
6.2.3 Investigation of LHCNT with more complex feeds

As mentioned previously, the PNA function of the LHCNT has only been exten-
sively studied with simple feeds such as NO, Oq, HyO, and smaller hydrocarbons.
In our work we investigated the effect of both CsHg and Ci9 on various LHCNT
materials, including BEA and SSZ-13 zeolites. A systematic extension of this work
investigating the effect of various hydrocarbons on NO uptake would be very useful
for understanding the behavior of these catalysts with more practical feeds. Automo-
tive exhaust contains a large number of hydrocarbons, including aromatics, and the
high acidity of the zeolites used for LHCNT applications could lead to a number of
reactions/coupling effects in the pores. These effects may cause a delay in NO des-
orption, as with Cj9, or have an effect on the behavior of the other hydrocarbons in
the feed. For example, recent work by Peng et al. discovered that propylene leads to
a bimodal desorption behavior of hexane on BEA, resulting in a higher temperature
peak than would occur without propylene. Such experiments on LHCNT materials

would enable a more practical understanding of their behavior.
6.2.4 Stability and deactivation of multi-functional catalysts

Finally, although the multi-functional catalysts described herein are promising,
our work focused solely on fresh catalysts. It would therefore be practical—and

imperative—to evaluate these catalysts under harsh conditions that represent more
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realistic driving conditions. Such conditions include higher temperatures, sulfur poi-
soning, highly reductive or oxidative environments, or attrition/ physical degradation
forces on the catalyst. The LHCNT, for example, has been shown to irreversibly deac-
tivate in the presence of CO. From the recent work by Gu et al. on the hydrothermal
aging of Pd/BEA, even under highly oxidative conditions only some of the original
activity of Pd could be recovered.'® This is due to the presumed deactivation mech-
anism of the isolated Pd particles being reduced to Pd® and agglomerating on the
external surface of the zeolite crystallites. Such studies are useful because stability
results may contradict previous findings. Research shows that CO delays the des-
orption of NO to higher temperatures and increases NO uptake in the presence of
water. 5264 At the same time, continued exposure of CO on the catalyst will negate
the benefits anticipated from the fresh catalyst observations. Knowledge of such de-
activation effects would be useful in properly designing catalysts for implementation

in engine after-treatment systems.
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Appendix A: Chapter 3 Supporting Information
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Figure A.1: Blank tube adsorption experiments using a feed of 400 ppm NO and 2%
Oq.

Fig. A.1 (a) shows the blank tube adsorption experiment in which the gas mixture
was fed through bypass until steady response was achieved, followed by a switch to
the reactor, leading to a dip in concentration equivalent to volume of quartz tube and
connected tubing. In case (b), Ar was fed until reference time t=0, after which the NO
input was switched injected with a 4-way electronic switching valve and a response
was observed, leading to a lag time of 9s. This lag time was taken into consideration

for all experiments with similar flow rates and was reevaluated in the case of new

conditions.
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Figure A.2: (a,b) NO,, NO, and NOy during adsorption for 300s at (a) 50°C and (b)
150°C for a feed of 400ppm NO, 2% Os. (¢,d) Corresponding TPD profiles
at 20°C/min following adsorption at (¢) 50°C and (d) 150°C in 2% O..
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Figure A.3: FT-IR signal interference effects.

Fig. A.3 shows the FT-IR interference and overlap regions. Fig. A.3a shows
the concentration of various hydrocarbons during desorption with 2%0;, bal. Ar, at
20°C/min following adsorption at 80°C for 300s with a feed of 400ppm NO, 800ppm
CsHg, 2% Oy at a total flowrate of 2500sccm. Fig. A.3b shows the same data re-
processed with total HC signal (C1 basis). Fig. A.3c shows spectral regions used
in FT-IR calibration for selected hydrocarbons. Using the FT-IR data without the
HC signal processing leads to negative peaks for some of the measurable species; we
believe this is due to a calibration error in the system. Including the HC signal, how-
ever, normalizes all hydrocarbon species to zero and reduces the concentration of the
larger alkanes (C5 and C8) based on the overlap (Figure S4.c). Therefore, we include
the HC signal and any other measurable species in our analysis to provide a more

accurate carbon balance.
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Figure A.4: Corresponding TPD profiles of C3Hg, CO, HC, and CO9 to data in Fig.
3.4. (a) 50°C adsorption; (b) 150°C adsorption. Ramp rate was 20°C/min
with a feed of 2% Os.
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Figure A.5: Variable storage time experiments for a feed of 800ppm CsHg, 2% Oq,
bal. Ar at 2500sccm. Corresponding desorption profiles are shown for (a)
t=37s and (b) t=98s adsorption as a function of feed temperature.
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Figure A.6: (a,b) Effluent NO,, NO, and N2O adsorption at (a) 50°C and (b) 150°C
for a feed of 400ppm NO, 800ppm C3Hg, 2% Og. (c,d) TPD profiles at
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Figure A.7: Transient adsorption profiles of C3Hg during 300s adsorption at 50°C,
80°C, and 150°C for a feed of 400ppm NO, 800ppm CgHg, 2% O9, bal. Ar.
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Figure A.8: TPD profiles of C3Hg, CO, HC, and COq for the adsorption profiles in
Fig. A.7. (a) 50°C adsorption; (b) 80°C adsorption; (c) 150°C adsorption.
20°C/min ramp with a feed of 2% Og, bal. Ar.
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A.1 Sequential adsorption experiments

The sequential adsorption of NO and C3Hg adsorption is an effective method for
assessing the extent of mutual inhibition. In these experiments, one species was pre-
adsorbed before introducing the second (Figure A.9). Pre-adsorbing CsHg leads to a
reduction in NO adsorption from 5.3% to 1.4%, indicating that C3Hg is indeed block-
ing NO from adsorbing on most of the sites (Table A.1). It is also possible that due
to the formation of larger hydrocarbons during CsHg uptake, there are diffusional
limitations preventing NO from accessing the binding sites in the pores. Addition-
ally, we note the absence of NOg in this case, although it is unclear if its formation is
suppressed by the presence of CsHg on BAS or if it is being reduced. Despite the in-
hibition, NO, NOg, and N2O are detected during the subsequent temperature ramp,
not shown here, indicating reaction between NO and C3Hg. The adsorption profile
of C3Hg is only marginally impacted by the pre-adsorption of NO, with the C3Hg
trapping efficiency decreasing from 35% to 24%. The corresponding desorption pro-
files are very similar to the results in Fig. 3.9 since there is simultaneous desorption
of NO and C3Hg from the surface. Additionally, during adsorption of the secondary

species, there is no displacement of the pre-adsorbed species.
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Figure A.9: (a) Adsorption profile of 400 ppm NO (“first”) and pre-adsorption of 800
ppm C3gHg (“second”). (b) Adsorption profile of 800 ppm C3gHg (“first”) and
pre-adsorption of 400 ppm NO (“second”). T, 45 =80°C.
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Table A.1: Adsorption results for sequential experiments

First  Second NO Ads. NO Ads. C3sHg Ads.
species species (umol/g-cat) (mol NO,/mol Pd) "IN O (300 (umol/g-cat) 71C5H(300)
NO CsHg 53.2 0.283 5.3% 246 24%
CsHg NO 14.5 0.077 1.4% 355 35%
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Appendix B: Chapter 5 Supporting Information
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Figure B.1: C12 adsorption profiles from three dry experiments and three with 3%
H50, two with 400ppm NO. Catalyst: 2wt.% Pd/BEA (2in., 1.5g/in%)
flowrate: 2500scem (GHSV 35k hr!).  Average adsorption was
247+15umol/gcat.
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Figure B.2: C12 adsorption profiles for each catalyst tested (Table 5.2 for quantities),
using a feed of 200ppm C;9, 400ppm NO, 2% O9 and 3% HsO.
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Figure B.3: Transient NO,, NO, NOg, and N2O adsorption profiles for individual
(a,b,c,g,h,i) and mixed (d,e,f,j,k,1) catalysts with NO only (Top) and with
NO + Cq9 (Bottom). Adsorption was conducted at 100°C.
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Figure B.4: Corresponding C;2, COg and CO (inset) profiles for adsorption experi-
ments in Fig. 3 (400ppm NO + 200ppm Cy2, 2% O2 and 3% Ho0, 100°C
adsorption). (a) PABEA, (b) PtPdBEA, (c) PdSSZ.
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Figure B.5: Dodecane cracking product distribution on 2 wt.% Pd/BEA during TPD
using a feed of 400ppm NO, 200pm Ci2, 2% O2, and 3% H2O.
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Figure B.6: Catalyst temperature vs. feed temperature during Type I TPD experi-
ments for each sequential and layered catalyst using a feed of 400ppm
NO, 200pm Cj2, 2% Og, and 3% HyO.
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Figure B.7: Transient NO,, NO, NO9, N5O, and T.,; profiles during Type II TPDs.
Feed: 400ppm NO, 2% O, 3%H0 for (a) PtPdBEA and (b) PdSSZ. Tem-
perature ramp rate was 20°C/min.
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Figure B.8: Corresponding Ci2 and/or C3Hg adsorption and TPD profiles for experi-

ments in Fig. 13 (b-d). (a) NO + Cq2, (b) NO + C3Hg, and (C), NO + C3Hg
+ Clg.
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Figure B.9: Catalyst temperature exotherms vs. feed temperature for feeds contain-
ing NO only (blue), NO + Cy9 (red), NO + C3Hg (yellow), and NO + Cq9 +
CsHg (purple).
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