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Abstract

Catalytic converters are the current technology for emission control from internal
combustion engines. Depending on the operating mode of the engine and the
composition of the pollutants present in the exhaust gas, the aftertreatment system
components may vary. Nevertheless, an oxidation catalyst is always present, or a
component of the catalyst has oxidation function, regardless of the engine type. It is
responsible for mitigating emissions of unburned hydrocarbons, CO, and other pollutants.
However, small amounts of sulfur originating from both fuel and lubricating oils are the
cause of chemical degradation of oxidation catalysts due to the strong chemisorption of
sulfur on the catalyst surface. Exposure to sulfur forms numerous sulfur species that
inhibit the active material in these catalysts from carrying out oxidation reactions. In this
work, we assessed the effects of sulfur poisoning of new formulations of oxidation
catalysts, enhanced regeneration strategies to recover catalytic activity, and further
investigated the particle size effects on sulfur speciation after aftertreatment catalyst

aging protocols.

We assessed the effects of sulfur poisoning and regeneration on a new methane
oxidation catalyst formulation that integrates a spinel oxide layer as the oxygen storage
material for natural gas exhaust applications. We studied the methane oxidation
performance under periodic conditions and the oxygen storage capacity of a bilayer Pt-
Pd/Al203 + MnosFe2504 catalyst before and after SO2 exposure, and after simulated
regeneration conditions. Prior to SO2 exposure, under both simple feed and more
complex simulated exhaust conditions, CHs4 conversion at low temperatures was

improved under periodic conditions compared to steady-state conditions. Methane



oxidation activity and oxygen storage capacity of the spinel-based oxygen storage
material were affected after SO2 exposure. Common literature regeneration protocols
were applied, and while all regeneration protocols did improve CH4 oxidation activity, the
utilization of regeneration methods under periodic conditions induced greater sulfur
species desorption from the catalyst surface, ultimately resulting in a higher recovery of
oxidation activity. Key parameters of this enhanced regeneration protocol under periodic
conditions — temperature, feed composition, modulation amplitude and frequency — could

be optimized to improve regenerability after sulfur poisoning.

The development of sulfur-resistant materials presents another avenue to alleviate
the effects of sulfur poisoning of oxidation catalysts. The performance of a bimetallic Pd-
Cu diesel oxidation catalyst in the presence of competitive adsorbates and its response
to sulfur poisoning was studied The addition of Cu to Pd-based diesel oxidation catalysts
(DOCs) does offer some resistance to SO2 poisoning based on the lower amount of SO2
adsorbed during the SO2 exposure, compared to the SO2 adsorbed on the monometallic
Pd sample. Plus, after sulfur exposure at 100 °C, the regeneration protocol under
reducing conditions can reverse the effects of SOz poisoning for both CO oxidation and

CO+NO co-oxidation conditions.

As an extension of understanding sulfur poisoning, we investigated the influence
of precious metal particle size effects on sulfur speciation after aftertreatment catalyst
aging protocols. To avoid particle size heterogeneity, we synthesized uniform Pd
nanoparticles with two particle sizes (3.4 nm and 13.1 nm) and deposited them onto
supports relevant to aftertreatment applications, Al2O3 and CeO2. The gas composition of

aging protocols (hydrothermal vs. thermal) and particle size influence sulfur speciation for



both Al203-supported catalysts. In the case of CeO2-supported catalysts, particle size
does not lead to changes in sulfur speciation. CO pulse injection measurements were
used to evaluate the changes in particle size that occurred during aging and show that
catalysts with a smaller particle size are more susceptible to sintering compared to
catalysts with a larger particle size. Even though aging does affect CO oxidation activity
for catalysts with a smaller particle size, they exhibit higher resistance to sulfur poisoning.

Conversely, the catalysts with a larger particle size experience the opposite effect.
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1. Introduction

1.1 Background of Emission Control

By the early 1950s, vehicular exhaust had been widely recognized as a source of
air pollution and smog formation. Early quantification studies of tailpipe emissions showed
that depending on the operating mode, a vehicle could emit between 470 to 17,000 ppm
of unburned hydrocarbons (HCs), 8,800 to 20,000 ppm of carbon monoxide (CO) and 20
to 1,000 ppm of nitrogen oxides (NOx) [2]. As a result of the photochemical reaction of
these pollutants with sunlight, the combination of the produced ground-level ozone and
fine particulate matter resulted in smog formation [3], [4]. Short-term effects of ozone
exposure include asthma, pulmonary inflammation, decreased cardiac function, among
others [5]. Because of the effects of poor air quality on human health and the environment,
the passage of the Clean Air Act of 1970 required a 90% reduction of vehicular emissions
from new automobiles by 1975. The Environmental Protection Agency (EPA) was also
established and is the main regulatory agency for fuel and vehicular emission standards
for HCs, CO, and NOx. The development of catalytic aftertreatment systems became the

solution to meet these emission standards [6], [7].

The most recent emission standards adopted by the EPA are the Tier 3 Standards
starting with 2017 and 2018 model years for light-duty vehicles with a gross vehicle weight
rating (GVWR) over 6,000 Ibs. Based on the Federal Test Procedure, the EPA established
an emission standard for non-methane organic gases and NOx (NMOG+NOx) of 30
mg/mile by 2025 and a limit of particulate matter (PM) emissions of 3 mg/mile by 2022.
Tier 3 Standards also apply to gasoline- and diesel-powered heavy-duty vehicle

categories in Class 2b (GVWR range between 8,501-10,000 Ibs) and Class 3 (GVWR

17



range between 10,001-14,000 Ibs). The EPA mandated NMOG+NOx standards of 178
mg/mile and 247 mg/mile by 2022 for Class 2b and Class 3 heavy-duty vehicles,
respectively. Additionally, a PM emission limit of 8 mg/mile and 10 mg/mile for Class 2b
and Class 3 heavy-duty vehicle categories were established. These regulations must be
met over a useful life of 150,000 miles or 15 years whichever occurs first. In terms of fuel
standards, the EPA also mandated a decrease in the gasoline sulfur content from 30 parts
per million (ppm) to 10 ppm due to the detrimental impact of sulfur on the performance of
the aftertreatment system [8]. As future emission standards become more stringent, the

drive to develop more robust aftertreatment systems has increased.

The impact of the implementation of catalytic aftertreatment systems for vehicular
emission control has led to the significant improvement of air quality in the United States.
Since the 1980s, the concentrations of CO, NOx and PM have substantially decreased
and are well below regulated air quality standards [9]. Additionally, according to the EPA,
the effects of Tier 3 Standards on vehicular emissions are projected to result in a reduction
of 260,000 tons of NOx emissions and nearly 3.5 million tons of CO emissions. They also
project that by 2030, the reduction in vehicular emissions will avert 660-1,500 premature
deaths linked to particulate matter and 110-550 premature deaths associated with

exposure to ground-level ozone [8].

1.2 Current Aftertreatment Systems
Catalytic converters are the current technology for emission control from internal
combustion engines. The aftertreatment system components vary depending on the
operating mode of the engine and are influenced by the composition of pollutants present

in the exhaust gas. Typically, these components are designed with a ceramic honeycomb
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structure made of cordierite (2MgO-5Si02-2Al203), onto which the active components and
support materials are washcoated [10], [11]. For stoichiometric-burn gasoline and natural
gas engines, the main aftertreatment is the three-way catalyst (TWC) that simultaneously
converts HC, CO and NOx emissions into COz2, H20 and N2[12]-[16]. For lean-burn diesel
engines, the aftertreatment system is more complex and requires additional components
to meet emission standards. It is composed of the diesel oxidation catalyst (DOC), diesel
particulate filter (DPF), and selective catalytic reduction (SCR) and ammonia slip catalysts
(ASC) [17], [18]. The structure and chemistry of the TWC and DOC only will be discussed

in this introduction.

1.2.1 Three-Way Catalysts

Three-way catalysts (TWCs) are the aftertreatment technology that simultaneously
converts HC, CO and NOx emissions in engines that operate at the stoichiometric air-to-
fuel ratio (AFR). Despite their high cost and low availability, precious metals (Pt, Pd, Rh)
remain the active centers for the conversion of pollutants in aftertreatment systems [19]-
[22]. Both Pt and Pd are used to oxidize unburned hydrocarbons and CO (Eq. 1.1 and
1.2), while Rh is utilized for NOx reduction (Eq. 1.3 and 1.4). To maintain their stability and
activity, the combination of these precious metals is deposited onto high surface supports,
such as Al203[23], with the addition of CeO2-based oxygen storage materials and thermal

stabilizers.

Hydrocarbon and CO oxidation reactions:
CpH, + 0, » C0,(CO) + H,0 (1.1)

co + 1/,0,- co, 1.2)
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NO reduction reactions:

CnH, + NO = N, (N,0,NH3) + CO, + H,0 (1.3)

CO +NO - N, (N,0,NH;) + CO, (1.4)
As shown in Figure 1-1, the TWC performance depends on the AFR and can achieve
full conversion of all pollutants at the stoichiometric point (A = 1). The term A is a
dimensionless quantity defined as the ratio of the actual AFR to the stoichiometric AFR
for complete combustion, by weight. Under fuel rich conditions (A < 1), insufficient oxygen
in the exhaust causes the incomplete conversion of HC and CO emissions, while NOx
emissions can be fully converted. Under fuel lean conditions (A > 1), excess oxygen in
the exhaust favors complete oxidation of HC and CO emissions, while the conversion of

NOx decreases.

120 4

H,(CO) + NO, » N, + H,0 + CO,

HC

100

| N—

80 -

60

Conversion

HC + 0, (CO)CO, + (H,)H,0

—

201 o +0,> CO,

J Fuel rich Fuel lean

Air to fuel (weight/weight)

Figure 1-1 Performance of oxidation catalyst as a function of the air-to-fuel ratio [13]

Speed and power variations during the driving cycle cause AFR changes that directly
affect TWC performance. To alleviate these effects, CeO2 as an oxygen storage material

was selected as an additive to TWC formulations due to its facile Ce*" <« Ce3*
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interconversion and minimal structural rearrangement during the redox mechanism (Eq.

1.5) [13], [24]-[28].

X
Ce0, & Ce0, . +50, (1.5)

In oxygen-deficient environments, CeOz2 reduces to CeOz2-x, where the released O
is used in the reactions described above (Egs. 1.1-1.4), which also creates oxygen
vacancies at the surface. In an oxygen-rich environment, oxygen vacancies are
replenished with gas-phase O2 leading to the re-oxidation of CeO2 to maintain AFR at
stoichiometric conditions. In addition to its role in oxygen storage, the incorporation of
CeO2 to TWC formulations also improves precious metal dispersion [28], promotes water-
gas shift and steam reforming reactions [29]-[31], and enhances catalytic activity at the
metal-support interface [32], [33]. With its poor thermal stability at high temperatures,
small quantities of Zr are added to CeO2 leads to improve thermal stability and oxygen

storage capacity [34]-[37].

Current research trends in TWC development mostly focus on enhancing the
efficiency of precious metal usage and mitigating deactivation effects stemming from
exposure to high temperature (>1050 °C) [13], [38]-[40]. Since the inception of
aftertreatment systems in the 1970s, precious metals (Pt, Pd, Rh) have been used as the
active centers for TWC chemistry due to their high performance; however, exposure to
high operating temperatures leads to the loss of metal surface area due to agglomeration
of nanoparticles, loss of surface area of the support and/or promoters, and the conversion
of active materials into inactive forms [41], [42]. Due to the high price and low availability

of precious metals, new synthesis routes have emerged to achieve high precious metal
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utilization while minimizing the deactivation mechanisms caused by exposure to high
temperature [43], [44]. Atom trapping and fine-tuning TWC supports are potential

techniques to achieve highly dispersed and stable catalysts [45], [46].

1.2.2 Diesel Oxidation Catalysts
As the first unit operation of the diesel aftertreatment system, the diesel oxidation
catalyst (DOC) is responsible for the oxidation of unburned HCs, CO, and NO emissions
(Eq. 1.1-1.2 and 1.6) [17], [18]. Unlike TWCs, DOCs operate under fuel lean conditions
as shown in Figure 1-1 and due to the excess oxygen in the engine exhaust, additional
components must be added to the aftertreatment system to fully convert all pollutants to

meet emission standards.

NO oxidation:
2NO 4+ 0, - 2NO, (1.6)
Generally, DOC components closely resemble those found in TWCs, except they
are predominantly composed of Pt and do not contain Rh. The utilization of Pt in DOC
formulations offers notable advantages, including its low surface oxygen coverage and
high oxidation activity [47]. However, these catalysts are susceptible to sintering at high
temperatures and can easily oxidize SO2, a common catalyst poison, to undesirable
products such as SO3 and H2S0O4 [48]-[50]. Introducing small quantities of Pd to Pt-based

DOCs can alleviate these drawbacks while also improving their overall cost.

To curb pollutant production and diminish the need for complex aftertreatment
systems, improving the diesel combustion process inside the engine is a viable option.
Modern low temperature combustion (LTC) engines can emit less NOx and particulate

matter emissions compared to conventional engines [51], [52]; however, due to the low
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operating temperatures, especially during the cold-start period, the DOC fails to fully
convert HC and CO emissions, leading to their release into the atmosphere. Therefore,
as the current research goal, the “150 °C Challenge” was created by the Department of
Energy to drive the creation of improved DOC formulations, aiming to achieve 90%

conversion of pollutants by 150 °C [53].

1.3 Impact of SO2 on Oxidation Catalysts

Small amounts of sulfur originating from both fuel and lubricating oils are the cause
of the main chemical degradation mode of oxidation catalysts, due to the strong
chemisorption of sulfur species on the catalyst surface [54]. Because of the adverse
impact of sulfur on aftertreatment performance, the EPA has mandated an average sulfur
content of 10 ppm in gasoline and 15 ppm in diesel [8]. The most common sulfur form
found in the exhaust is sulfur dioxide (SOz2); however, in the presence of oxygen and water
vapor, SOz can be further oxidized on the oxidation catalyst to SO3 and H2SO4, thereby
compromising the performance of downstream catalysts. Exposure to SO2 leads to the
formation of different sulfur species on the catalyst surface, which depends on the catalyst
composition. In most cases, these sulfur species accumulate on the surface and inhibit
reaction pathways from occurring on the precious metal sites. Even though the current
research goal in oxidation catalysts focuses on developing more active and stable

formulations, there is also a need to ensure resilience against sulfur poisoning.

1.4 Regeneration Strategies after Sulfur Poisoning
Due to the strong chemisorption of sulfur species on the catalyst surface,
regeneration strategies often require subjecting the catalyst to high temperatures (> 600

°C) under different reaction conditions. These conditions may vary depending on what
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type of sulfur species are on the catalyst surface. Typically, reducing environments at high
temperatures leads to the highest rate of decomposition of sulfur species, enhancing the
overall recovery of catalytic activity. A critical aspect of implementing these regeneration
strategies is selecting conditions that may not induce further/other deactivation (i.e.,

agglomeration of active and support materials).

1.5 Research Objectives

Evaluating the sulfur resistance of new oxidation catalyst formulations and
understanding their regeneration remain crucial for aftertreatment implementation due to
the persistent presence of sulfur in fuels or oils. With this in mind, we assessed the effects
of sulfur poisoning and regeneration on a new methane oxidation catalyst formulation that
integrates spinel oxides as the oxygen storage material. The extent of catalyst
regeneration, concerning both catalytic activity and oxygen storage, depended on the
ability of inducing the decomposition of high temperature sulfur species. For this reason,
key regeneration parameters — temperature, feed composition, and cycling parameters —
were evaluated. Next, we examined the effects of sulfur exposure and regeneration of a
bimetallic Pd-Cu diesel oxidation catalyst. Our findings showed that a small substitution
of Cu not only provides enhanced sulfur resistance but also improves regenerability,
particularly under reducing conditions. Finally, we expanded our understanding of how
initial particle size and aging protocols influences sulfur speciation, thereby shedding light

on their impact on oxidation activity and sulfur resistance.
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2. Effects of SO: poisoning and regeneration on spinel
containing CH4 oxidation catalysts

This chapter contains published work found in N. Diaz Montenegro and W. S.
Epling, “Effects of SOz poisoning and regeneration on spinel containing CH4 oxidation
catalysts,” Appl. Catal. B Environ., vol. 336, no. February, p. 122894, 2023. Responses
to committee questions can be found in Page 47.

2.1 Abstract

Methane oxidation under periodic conditions and the oxygen storage capacity of a
bilayer Pt/Pd/Al203 over a Mno.sFe2.504 spinel catalyst were studied before and after SO2
exposure, and after simulated regeneration conditions. Prior to sulfur exposure,
improvement in CH4 oxidation conversion under periodic conditions compared to steady-
state conditions was observed. After sulfur exposure at 100 °C, there was a loss in CH4
oxidation performance and a loss of oxygen storage capacity of the spinel material. The
extent of regeneration from sulfur poisoning depends on the ability to induce the
decomposition of sulfate species, and while all regeneration methods tested in this study
did improve CH4 conversion, regeneration methods under periodic conditions induced
greater sulfur species desorption from the catalyst surface leading to improved CHa4
conversion. Key regeneration parameters — temperature, feed composition, modulation

amplitude and frequency — were optimized to induce S species decomposition and

correlated to CH4 oxidation activity recovery.

2.2 Introduction
Due to the abundance of natural gas in the United States [55] and relatively high
fuel efficiency, natural gas engines are an attractive alternative to gasoline or diesel
engines. In terms of emissions, they release less NOx, CO and particulate matter into the

atmosphere compared to diesel engines [56], [57]. However, the main hydrocarbon found
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in natural gas is methane (CHa4), and since CHa4 is a powerful greenhouse gas [58], limiting
CH4 emissions from natural gas engine exhaust is necessary to lessen the effects of
global warming and to comply with the 0.1 g/bhp-hr methane emission standard for
heavy-duty vehicles and 0.05 g/mile for small pick-up trucks and vans set by the
Environmental Protection Agency [8]. Current methane oxidation catalysts (MOCs), which
operate at the stoichiometric air-to-fuel ratio, run into several challenges. First, due to the
stable C-H bond (450 kJ/mol) and low sticking coefficient of CH4[59], [60], high exhaust
aftertreatment temperatures (T > 500 °C) and high precious metal loadings are needed
to significantly reduce CH4 emissions. Second, the mode of engine operation at the
stoichiometric point provides a rather narrow window for the simultaneous conversion of
CH4, CO and NOx. Third, the added sulfur-based odorant to natural gas can lead to a loss
in MOC performance over time [20], [57], [61]. Based on these reasons and others, the
development of new MOC formulations is needed to improve low temperature CH4

oxidation activity.

Commercial MOCs are composed of a cordierite substrate in a honeycomb
structure, on which a high surface area support, such as Al2O3 combined with a CeO2-
based oxygen storage material is washcoated. On this high surface area support, a
combination of Pt group metal (Pt, Pd, or Rh) nanoparticles is deposited [22], [57],

[61].The precious metal materials are the active centers where MOC chemistry occurs

(Eq. 2.1-2.3).
CH, + 20, » C0,(CO) + 2H,0 (2.1)

co + 1/,0, - co, (2.2)

CH, + 4NO - 2N, (N,0,NH,) + CO, + 2H,0 (2.3)
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The CeO2-based oxygen storage material is added to MOC formulations to
alleviate the effects of changes in the air-to-fuel ratio during operation. In oxygen-deficient
environments, CeOz2 reduces to CeO2-x, and the released oxygen is used in the reactions
described above (Eq. 2.1-2.2), which also creates oxygen vacancies at the surface. Once
there is excess oxygen, oxygen vacancies are replenished with gas-phase Oz leading to
the re-oxidation of CeOz2 to maintain the air-to-fuel ratio at stoichiometric conditions (Eq.

2.4)[62], [63].

X
CeOZ A xd CeOZ_x + 502 (2.4)

Current research trends prioritize improving precious metal utilization and new
material discovery to promote MOC performance and tackle the challenges mentioned
above. Due to their low cost, catalytic tunability and high abundance, spinel materials
have been explored as candidates for diesel aftertreatment technologies, especially for
hydrocarbon, soot and NOx removal [64], [65], [74], [66]-[73]. Spinel oxides have an
AB204 crystal structure, where A?* transition metal ions occupy tetrahedral sites, while
B3* ions occupy octahedral sites in the lattice. As potential oxygen storage materials,
spinel materials show promise as the lattice oxygen in the framework can be used without
any structural impact. For example, Cu-Mn spinel materials have more readily available
oxygen during transient conditions compared to commercial CeO2-based oxygen storage
materials [75], [76]. Plus, the addition of these spinel-based oxygen storage materials

could also reduce the amount of PGM added to MOC formulations [77]-[79].

Due to their difficulty in being oxidized, one way to improve low temperature
conversion of saturated hydrocarbons, such as methane [80]-[83] and propane [84], is

by periodically changing the oxygen concentration in the feed composition. For Pt-based
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catalysts, the improvement in low temperature CH4 conversion under periodic conditions
is due to the formation of a partially oxidized Pt surface that favors methane dissociation
at lower temperatures. Plus, periodic conditions mitigate the oxygen poisoning effect on
Pt active sites. Previous studies have reported that under periodic operation, the
temperature at which 50% CHa4 conversion is achieved under a simulated exhaust feed
over a dual-layer MOC formulation that includes a PGM layer (Pt:Pd 19:1, 30g/ft3) and a
Mno.sFe2504 spinel layer (25wt% Mno.sFe2504/Al203, 100g/L ) decreased by ~85 °C
compared to steady-state inlet conditions [79]. The addition of the Mno.sFe2.504 spinel as
an oxygen storage material provided extra oxygen during the oxygen-deficient phases
during periodic conditions, which maintained the oxygen balance closer to the
stoichiometric point and curbed the production of undesirable byproducts, such as NHs
[79]. The catalyst structure of this MOC formulation can also be designed to maximize the
storage/release capabilities of MnosFe2504 layer under periodic conditions [85] and
minimize potential inhibitory effects that may occur at high temperatures, such as species
migration and active Pt site blockage [85], [86]. Periodic operation can also be optimized

by finding an optimal amplitude and frequency to promote CH4 oxidation activity [86]-[88].

Natural gas exhaust contains ppm levels of SO2 due to the combustion of the
odorant added to the fuel. Over time, these low levels of SO2 may have a detrimental
effect on catalyst performance and structure, but the extent of deactivation depends on
the precious metal and support used [54], [61], [89]-[91]. In the case of Pd-based
catalysts, SO2 can strongly chemisorb to Pd sites and form inactive PdSO4 species [90],
[92], [93]. Unlike Pd, Pt sites do not form PtSO4 species, but weakly adsorbed S species,

such as sulfides and molecular SO2, can form [94]. Regarding the support, sulfating
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supports, such as Al203 and CeOz2, interact with SOz to form sulfate species (SO42)
allowing precious metal sites to remain available until the support is saturated. On the
other hand, non-sulfating supports, such as SiO2, are not able to form sulfate species
leaving precious metals the only site where SO2 can chemisorb [89], [95]-[99].
Additionally, reaction conditions, especially the presence of oxygen and adsorption
temperature, and precious metal nanoparticle size affect the formation of more oxidized
S species, such as sulfite (SO3?) and sulfate (SO42) species [94], [100], [101]. Ultimately,
the presence of S-related species leads to the loss of CH4 oxidation performance due to
inhibition of active sites and chemistry at the metal-support interface, especially for CeO2-
based supports. However, the addition of small amounts of Pt to Pd-based methane
oxidation catalysts does offer some sulfur resistance [100], [102]-[104]. There is ample
literature regarding PGM-based aftertreatment catalyst materials and the impact of S on
them; however, since transition metal oxides have become an alternative to PGM-based
aftertreatment systems, their sulfur resistance must also be assessed for implementation.
For example, Mn-based catalysts can easily form MnSO4 species which leads to the loss

of active sites, especially for NO oxidation [105], [106].

To recover performance, the effects of SO2 poisoning can be reversed via a
catalyst regeneration strategy. Common regeneration techniques usually involve high
temperature treatments to induce the decomposition of the adsorbed S species from the
catalyst surface [101], [103], [114]-[120], [104], [107]-[113]. For example, Pt/Pd-based
catalysts supported on Al203, molecular SO2 and surface SO3 species decompose and

desorb around 400 °C from the catalyst surface, while more stable S species, such as

S042, do not decompose until temperatures higher than 600 °C [100]. Regarding the
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regeneration of Pd active sites, the regeneration environment influences the final Pd state
after PdSO4 decomposition, which affects methane oxidation activity recovery [120],
[121]. One way to lower the temperature of the decomposition of the adsorbed S species
from the catalyst surface is by altering the regeneration environment. For example,
reducing environments with Hz at 600 °C were found to remove all SO42 species which
led to the full recovery of CH4 oxidation performance for Pd-based catalysts [107]. Other
studies have shown sulfate decomposition at high temperature could also be induced by
alternating the feed composition between the presence of a reductant (i.e., CH4) and the

presence of oxygen [108], [109], [112].

While the addition of a Mno.sFe2.504 spinel layer to bimetallic Pt-Pd catalysts has been
studied in terms of CH4 oxidation, steam reforming, and under periodic conditions [79],
[85], [86], [122], [123], the effects of SO2 on this MOC formulation have yet to be explored,
which is imperative for aftertreatment implementation. Here, we have studied the effects
of SO2 and model catalyst regeneration protocols on CH4 oxidation performance and
oxygen storage capacity of a bilayer PGM + MnosFe2504 spinel catalyst under steady-
state and inlet feed modulated conditions. We focused on the response to SO:2 of the
MnosFe2504 spinel material as an oxygen storage material, and its impact on CH4
oxidation performance. Different regeneration methods were applied and evaluated in
terms of CH4 oxidation activity recovery and S species desorption, measured as SOz,
from the sample. Then, temperature, feed composition and modulation parameters, such
as amplitude and frequency, were evaluated during regeneration for their impact on
inducing the decomposition of S species on the catalyst, to improve CH4 oxidation

performance.
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2.3 Experimental Methods

2.3.1 Catalyst Information and Experimental Set-up

All powder and monolith samples were provided by CDTi Advanced Materials, Inc,
and a summary of their compositions and configurations is displayed in Figure 2-1 and
Table 7-1. The PGM only monolith sample is a single-layer catalyst that is wash-coated
onto a cordierite monolith substrate. The catalyst is composed of Pt/Pd deposited onto
Al203. The Pt:Pd loading is 30 g/ft® of monolith, with a Pt:Pd mass ratio of 19:1. The PGM
+ spinel monolith sample is a dual layer catalyst that includes a top layer of the same
Pt/Pd catalyst, and a bottom layer of Mno.sFe2504 spinel material. The spinel layer loading
is 2832 g/ft®> with 25 wt% spinel material supported on Al2O3. Both layers were wash-
coated, sequentially, onto a cordierite monolith. For experiments with the monolith
samples, the gas hourly space velocity (GHSV) was 60,000 hr' with a total flowrate of 1
L/min. Monolith samples were 6 mm in diameter and 28 mm in length. The Mno.sFe2.504
spinel powder (referred to as Mn-Fe spinel powder) includes the spinel material with the
same composition as the spinel layer of the monolith sample, i.e. 25% spinel on Al2Os.
For the powder sample experiments, 15 mg of spinel powder was diluted with 150 mg of
cordierite, and a total flowrate of 300 sccm was used. Prior to all experiments, all catalysts
were pretreated in 10% O2in Nz at 550 °C for 45 minutes. Surface area and precious

metal dispersion have been reported in previous studies [85].
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(A) PGM + spinel (B) PGM only

Pt-Pd/Al,O, (19:1, 30 g/ft3)

Pt-Pd/A|203 (19:1, 30 g/ft3]
Mn, ;Fe, ;0,/Al,0, (2832 g/ft3,25 wt%)

Ceramic Substrate

Ceramic Substrate

Figure 2-1 Compositions and configuration for the monolith samples: (A) PGM +
spinel and (B) PGM only.

Each catalyst sample was placed in a quartz tube inside a Thermo Scientific
Lindberg/Blue tube furnace as part of a flow reactor system. Bronkhorst and MKS mass
flow controllers were used to adjust inlet gas flowrates. Type K thermocouples at the
catalyst inlet and outlet were used to monitor the temperature, and the inlet temperature
was used to plot results. For all experiments, outlet CH4, CO, CO2, H20, SO2, SO3 and
COS gas concentrations were measured using an MKS MultiGas 2030 FTIR
Spectrometer gas analyzer. Data were acquired at a rate of 1 Hz. To provide the gas
mixtures, specialty gas cylinders were purchased from Praxair Inc and N2 was generated
using an OnSite Gas System N-20 nitrogen generator. Water vapor was introduced using
a Bronkhorst CEM system. To avoid sulfur deposition along the reactor lines, stainless
steel reactor lines treated with a sulfinert coating were purchased from Swagelok. Reactor

lines were heated to temperatures above 100 °C to avoid water condensation.

2.3.2 CH4 Oxidation Activity and Oxygen Consumption Measurements
The CHas oxidation activity assessment was performed using a temperature
programmed reaction protocol with a temperature ramp of 5 °C/min. For periodic

operation experiments, an inlet gas composition of 1500 ppm CHa4, with varying O2
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amounts in a N2 balance was used. For the preliminary experiments in Figure 2-2, the
oxygen concentration of the inlet gas was varied from 3000 ppm to 1%. For these
experiments, a four-way solenoid air control valve purchased from Grainger (Part #6JJ44)
was used to switch between O2/N2 flow and Nz. For steady-state experiments, the inlet
oxygen concentration was 2750 ppm. Note, water was not included in the bulk of the
experiments. Although water is ubiquitous in combustion exhaust gas, we intentionally
excluded it to keep things simpler as we begin to understand this relatively new catalytic

system.

As a measure of the available reactive oxygen on the Mn-Fe spinel material, the
amount of O consumed during a 2-minute CO pulse — Oconsumed — Was calculated between
200 and 600 °C in increments of 100 °C. After the O2 pretreatment at 500 °C, the reactor
was cooled to 200 °C in the presence of 10% O2zin N2. Once the temperature stabilized,
oxygen was turned off and a N2 purge was introduced for 15 minutes. Using the four-way
switching valve, a pulse of 0.8% CO in N2 was introduced for 2 minutes, and the
concentration of CO2 was monitored. After 5 minutes, 10% O2 in N2 flow was reintroduced
to the reactor to reoxidize the sample, and the temperature was increased. Assuming that
the oxygen that leads to the production of CO2 comes exclusively from the Mn-Fe spinel
material, Oconsumed Was calculated using Eq. 2.5 using the CO:2 produced during the 2-
minute CO pulse divided by the mass of the catalyst, mmn-re spinel. This measurement
provides a way to evaluate changes in the available O in the spinel as a function of
temperature, S exposure and regeneration conditions. Periodic operation conditions used
less than 2-minute cycles, this Oconsumed Value was simply used to probe the changes in

the available oxygen of the Mn-Fe spinel material.
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2.3.3 Sulfur Poisoning

To assess the effects of SO2 exposure on the CH4 oxidation activity and the amount
of available O in the 2-minute CO pulse, Oconsumed, the samples were exposed to 10 ppm
of SOz in a N2 balance at 100 °C after the 550 °C pretreatment described above. Once
the SO2 outlet concentration recorded by the FTIR reached the inlet 10 ppm
concentration, a N2 purge was introduced to clear the lines and remove weakly absorbed
sulfur species from the sample. Then, the CH4 oxidation temperature programmed
reaction activity test, as described above, was again performed. For the oxygen
consumption measurements, after SO2 exposure at 100 °C, SO2 was turned on during the
reoxidation steps between each temperature and turned off during the N2 purge and CO

pulse duration.

2.3.4 Catalyst Regeneration

Different regeneration methods were applied and evaluated in the recovery of CH4
oxidation activity and the amount of available O in the 2-minute CO pulse, Oconsumed. After
SO2 exposure at 100 °C, each sample was either exposed to 10% O2, 3% H2 or 0.8% CO
in N2 and a 10 °C/min temperature ramp to 600 °C, followed by an isothermal hold at 600
°C for 45 minutes. After each regeneration treatment, the sample was pretreated in 10%
Oz in N2 balance at 550 °C for 45 minutes. Then, the reactor was cooled down to 100 °C
in the presence of 10% O2in N2 balance, and the CH4 oxidation and oxygen consumption

activity tests were performed.
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Separately, higher temperature regeneration methods were also used. Table 1

summarizes the regeneration conditions the catalyst sample experienced for 45 minutes

at 700 °C after SO2 exposure at 100 °C. For these regeneration treatments, the

regeneration protocol is described by Schematic 7-1. After the CH4 oxidation temperature

programmed reaction, the temperature was held at 600 °C for 60 minutes. Then, the

temperature was ramp at 10 °C/min to 700 °C under regeneration conditions described

in Table 1, and the temperature was held for 45 minutes at 700 °C. The temperature was

then lowered to 600 °C in CH4 oxidation conditions.

Table 2-1 Regeneration operating conditions

# 02 (%) Hz (%) | CHa(ppm) Cyc””g(ﬁrze)q“ency
1 - 3% - N/A

2 | 0/0.55% - 1500 0.25

3 | 0/0.55% - 1500 0.0625

4 | 0/0.55% 0.1% 1500 0.0625
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2.4 Results and Discussion

2.4.1 Role of MnosFe2504 addition on CH4 oxidation during periodic conditions

(A)
(B)
100
0M1%0, 1000
01% O
~ 80| 03000 ppm o, = ;
> 2750 ppm O, — a 8001| or3000ppmo,
g 604 No modulation 2 2750 ppm O, —
E .S 6004 No modulation
Q -—
Z 40 g
o}
S § 400
- 20+ o
O 8 200+
0+ O
T T 0
300 400 500 600 T T
300 400 500 600

Inlet Temperature (*C) Inlet Temperature (°C)

Figure 2-2 (A) CHa conversion and (B) CO formation using the PGM + spinel sample
under no modulation and with periodic conditions during the CHa4 temperature
programmed reaction.

First, we investigated the effects of periodic conditions on methane oxidation
activity using the PGM + spinel sample. Such periodic conditions not only mimic realistic
operation conditions more closely due to changes in the air-to-fuel ratio (AFR) during the
driving cycle, but also the varying oxygen concentration over the catalyst surface
improves catalytic performance [124]. Figure 2-2A shows the methane conversion on the
PGM + spinel sample with no modulation and with periodic conditions. Under periodic
conditions, the onset temperature for methane conversion increases with increased
oxygen concentration in the oxygen containing phase. The methane oxidation onset
temperature was highest under no modulation conditions. This is also consistent with prior
literature, where when including H20 in the mixture the same improvement with

modulation was noted [79]. The initial increase in conversion as a function of temperature
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is also faster with modulation. The onset temperature increasing with increasing oxygen
suggests that the formation of the more active partially oxidized Pt surface that occurs
during periodic conditions depends on the oxygen concentration of the inlet gas, as might
be expected. The formation of CO during periodic and no modulation conditions is shown
on Figure 2-2B. The presence of byproduct CO indicates that partial oxidation (Eq. 2.6)
and/or steam reforming (Eq. 2.7) of CH4 occurred. For the lowest O2 concentration under
modulation conditions, 3000 ppm, as temperature increased past 400 °C, the rate of
change in CH4 conversion as a function of temperature slows due to the lack of oxygen
availability, which also leads to the greater formation of CO. In the case of the highest Oz
concentration in the O2-containing phase, 1%, the more abundant oxygen may lead to
oxygen poisoning of Pt sites at high temperatures which slows CH4 conversion [81],
[125]-[127]. As oxygen becomes more abundant, the formation of CO decreases as
expected. With the intermediate 5500 ppm Oz concentration, full conversion of CH4 was
achieved in the temperature range used. With no modulation conditions and the 3000
ppm oxygen, complete or near complete conversion of CH4 was also achieved suggesting
that enough O was available to oxidize CH4 without poisoning the Pt sites; however, the
onset of CH4 oxidation occurs at higher temperatures compared to those that included
modulation. Since the oxygen concentration is slightly lower than the stoichiometric point,
under no modulation conditions, some CO formation is observed as well. The improved
CHa4 conversion under periodic conditions on the PGM + spinel monolith sample has also
been observed in previous studies [79], [85]. Furthermore, this improvement in CH4
conversion under periodic conditions is observed under simple (CH4 + O2 + N2) inlet gas

conditions, such as those used to obtain the results in Figure 2-2, as well as more complex
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simulated exhaust feeds, such as one containing CH4, O2, H20, CO, Hz2, NO and COg, as

shown in Figure 7-1.
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Figure 2-3 CHa4 conversion using 2-minute cycles ([CH4] — 1500 ppm, [O2] — 0/5500
ppm, N2 balance) on (A) PGM + spinel and (B) PGM only samples as a function of time.

To corroborate that the addition of an oxygen storage material would improve
catalytic performance of a PGM-based sample [28], [79], [85], we performed 2-minute
cycles, with one phase containing O2 and the other none ([O2] = 0 or 5500 ppm) on both
the PGM + spinel and PGM only samples. Methane conversions using this protocol at
315, 345 and 370 °C are shown in Figure 2-3, where the phases containing no oxygen
have been shaded. For the PGM + spinel monolith sample, a sharp increase in CH4
conversion is seen with the switch to the oxygen-deficient gas environment for all
temperatures, and then the conversion eventually decreases with time. Once the feed

switches to the oxygen-containing environment, only a slight increase in methane
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conversion is observed and quickly decreases. In the following oxygen-absent phase, the
high CH4 conversion peak is again observed. In the case of the PGM only sample, only a
small peak in CH4 conversion is observed during the switch to the oxygen absent phases,
and no conversion is observed during the oxygen-containing phases. The 2-minute cycle
results show that the incorporation of the Mn-Fe spinel layer with the PGM leads to an
increase in CH4 conversion during the oxygen-deficient phases compared to the PGM
only sample. This has been attributed to the ability of the Mn-Fe spinel layer to store and
release oxygen depending on the operating conditions, while maintaining precious metal
sites in a more favorable oxidation state for CH4 oxidation [79], [85]. As oxygen is released
from the spinel lattice to the PGM sites during the oxygen-deficient phases, oxygen
vacancies are created. Once oxygen is reintroduced into the feed, gas-phase oxygen
dissociates, and the oxygen vacancies created in the spinel lattice are refilled. The 2-
minute pulse experiment results suggest that oxygen from the Mn-Fe spinel layer is
released during the oxygen-deficient phases and participates in the conversion of CHa.
However, this oxygen reservoir depletes over time leading to the CH4 conversion
decrease with time during this phase. In the oxygen-containing phase, the oxygen
reservoir is replenished since in the next oxygen-deficient phase, the CH4 conversion
peak is of the same magnitude as the previous one. However, during the oxygen-
containing phase, a small CH4 conversion peak for all temperatures is observed due to
the newly introduced oxygen; however, CH4 conversion quickly ceases since the oxygen
concentration during this phase leads to oxygen poisoning of the precious metal sites.
Direct comparison of the CH4 conversion under the CHs4 temperature programmed

oxidation of these two catalysts can also be found in Figure 7-2.
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Figure 2-4 Calculated Oconsumed Of the fresh Mn-Fe spinel powder sample as a function of
temperature.

As a measure of O accessibility during the oxygen-deficient phases, the amount
of oxygen consumed during a 2-minute CO pulse (Oconsumed) for the Mn-Fe spinel material
was calculated. Figure 2-4 shows these amounts from 200 to 600 °C. As temperature
increases, the calculated Oconsumed from the Mn-Fe spinel material increases showing that
more oxygen can be accessed during periodic conditions with increasing temperature. In
the presence of a reductant, for example CO, Mn and Fe cations in the spinel lattice can
reduce to their metallic forms (shown in Eq. 2.8 and 2.9), which would release lattice
oxygen. This is what leads to the production of CO2 during the CO pulse. Different extents
of reduction, or different relative amounts of spinel being reduced, occur at each
temperature. To rule out thermal decomposition of the Mn-Fe spinel as a possible oxygen
source, a temperature programmed desorption (TPD) study showed that under inert flow
conditions, although desorbed oxygen was observed at high temperatures, the total
amount of oxygen released corresponds to only a small fraction (~0.1%) of the total

oxygen storage capacity of the Mn-Fe spinel material [85]. Therefore, the oxygen that
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leads to the production of CO2 during this CO protocol comes exclusively from the lattice

oxygen released during the reduction of the Mn-Fe spinel material.

MngsFe, 0, + CO — 0.5MnO + 2.5Fe0 + CO, (2.8)

Mn, sFe, s0, + 3.5CO — 0.5MnO + 2.5Fe + CO, (2.9)

2.4.2 Sulfur Impact on CH4 Oxidation Activity and Oconsumed
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Figure 2-5 (A) CH4 conversion before and after SO2 exposure at 100 °C under periodic
conditions and the SO2 concentration during the CHa temperature programmed
reaction, (B) CHa conversion and SO: profile after SO2 exposure at 100 °C during the
same experiment as shown in panel A, but also including the isothermal hold at 600 °C
for 1 hour.

After SO2 exposure at 100 °C, the CH4 oxidation temperature programmed reaction
under periodic conditions ([O2] — 0/5500 ppm, [CH4] — 1500 ppm, frequency — 0.25 Hz)
was performed using the PGM + spinel sample. The CH4 conversion for the fresh and
SO2-exposed samples, and the SO2 concentration profile, representing the amount of
SO2 desorbed, during the temperature ramp are shown in Figure 2-5A. Sulfur exposure
at 100 °C leads to both promoting and inhibiting effects on CH4 oxidation. Between 370
and 400 °C, the CHas conversion is higher after SO2 exposure, whereas at higher

temperature the conversion is lower. An increase in low-temperature hydrocarbon
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conversion (specifically for propane [128]-[130] and methane [131]) has been previously
reported on S-exposed Pt/Al203 catalysts. In the case of propane oxidation, the formation
of new active sites at the metal-support interface promotes hydrocarbon dissociation. We

speculate the same might occur here.

During the temperature ramp, two SO2 desorption peaks were observed. No SOs,
COS or H2S04 was detected. Based on the literature, the low temperature desorption
peak (located at 150 °C) corresponds to the desorption of SO2 from physisorbed SO2and
decomposed sulfite (SO3?) species on the catalyst surface, while the higher temperature
desorption peak, located at temperatures above 500 °C, corresponds to the desorption

of SO2 from the decomposition of sulfate species [89], [96]-[99].

The temperature program was extended to include an isothermal hold at 600 °C
to further look into the evolution of the higher temperature SO2 desorption peak. Methane
conversion on the PGM + spinel sample and the SOz2 profile during the latter part of the
temperature ramp and the isothermal hold at 600 °C are shown in Figure 2-5B. During
the isothermal hold at 600 °C, CH4 conversion initially stayed constant at ~75%; however,
after 30 minutes, CH4 conversion began to slowly increase and continued to until the end
of the isothermal hold. During the isothermal hold, the release of SO2was observed, and
while SO2 was observed, CH4 conversion remained constant. Once SOz release ended,
CHa4 conversion began to increase. During the initial part of the isothermal hold, the sulfate
species were decomposing, likely those close to the active precious metal sites, or began
migrating to the precious metal sites to decompose [132]. Ultimately, the decomposition

of S species continues to influence precious metal sites in terms of CH4 oxidation, and
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once those in proximity to the active sites are removed or the migration of S species

toward the precious metal sites ceases, CH4 conversion increases.

(A) (B)

1500 T T 70
Fresh co, S0,
—=— S0, Exposed

B
o

w
o

<1000

(mmol o/gM n-Fe spme\)
N
(=]

500

-
o

CO2 Concentration (ppm)
W
(=]

(wdd) uonenussuo) ‘g

consumed

0= "
200 300 400 500 600 1(')0 2(')0 300
Inlet Temperature (°C) Time (s)

0]
o
o

o

Figure 2-6 (A) Comparison of the calculated Oconsumed Of the fresh and SO2-exposed
Spinel Powder sample; (B) COzand SO:2 profile during the CO pulse at 600 °C from the
SO:2-exposed Spinel Powder sample.

To assess the effects of SOz on the calculated Oconsumed Of the Mn-Fe spinel layer
during the 2-minute CO pulse, the amount of CO2 formed during the CO pulse experiment
was again calculated using just the Mn-Fe spinel powder. Figure 2-6A shows the
comparison of the fresh and SO2-exposed Oconsumed Of the Mn-Fe spinel powder. In the
presence of SOz, little to N0 Oconsumed Was observed in the 200 to 500 °C temperature
range, suggesting that SO2 poisons the reactive O sites on the Mn-Fe spinel powder. In
terms of CH4 oxidation under periodic conditions, no oxygen from the Mn-Fe spinel
material would be provided which could also contribute to the shift in CH4 conversion to
higher temperatures observed in Figure 2-5A. No SOz desorption from the spinel occurred
in this temperature range. However, Oconsumeds Was observed at 600 °C. At these high

temperatures, as CO was introduced to the reactor, the appearance of both CO2 and SO2

was observed as shown in Figure 2-6B. CO reduces the high temperature sulfate species
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leading to the release of S from the catalyst surface. Once the CO pulse ends, SOz

desorption ends.

2.4.3 Catalyst Regeneration Methods
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Figure 2-7 (A) Comparison of Oconsumed for the fresh, SO2 exposed and regenerated
Spinel Only powder; (B) SO2 profile during the regeneration ramps.

Common literature regeneration methods, such as oxidizing and reducing
environments, as well as oscillating between them, were used to assess their
effectiveness in the decomposition of the adsorbed S species from the catalyst surface.
This should lead to increased Oconsumed Of the Mn-Fe spinel material, and based on the
results shown above, should lead to an increase in CH4 conversion. The recovery of the
Oconsumed during the 2-minute CO pulse of the Mn-Fe spinel material was first assessed,
and the best regeneration method was then used to verify if CH4 oxidation activity was
recovered over the PGM + Spinel sample. Figure 2-7A shows the comparison of the
Oconsumed Of the fresh, SO2-exposed, and regenerated Mn-Fe spinel powder after three
different regeneration methods. A regeneration temperature of 600 °C was chosen based
results shown in Figure 2-5B and 2-6B, as well as literature results that show that this

temperature can induce the decomposition of S species, especially sulfate (SO4?)
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species [107]. All regeneration methods successfully recovered some Oconsumed for the
Mn-Fe spinel powder, with the extent of recovery a function of the gas composition during
the regeneration treatment. Figure 2-7B shows the SO2 profiles during the regeneration
temperature ramp before the isothermal hold at 600 °C for 45 minutes. The SO2
desorption profiles under reducing environments (in H2 and CO, 32 and 35% of the SOz2
that was adsorbed, respectively) are far greater compared to the SOz desorption during
oxidative conditions, which was only ~2% of that that adsorbed, consistent with prior
results [50,60,64]. A sulfur mass balance during the adsorption and regeneration phase
for these three regeneration treatments can be found in Table 2-2. Reducing
environments induce more decomposition of the sulfate species (% desorbed > 30%),

compared to the treatment in O2 (% desorbed = 2%).

Table 2-2 S mass balance after regeneration of the Mn-Fe spinel powder samples

Regeneration , SO2 SO2 0
Temperature Regengratlon Adsorbed Desorbed &
o Conditions Desorbed
) (umol) (pmol)
600 10% O2 + N2 3.0 0.1 2.3
600 3% Hz2+ N2 2.7 0.9 32
600 0.8% CO + N2 2.6 0.9 35

Sulfates are readily formed on Al203 and CeO2 with exposure to SO2 [97]. Such
sulfate species, on Pd/CeO:2 at least, decompose at lower temperatures in a reducing
environment relative to an oxidizing environment [100], [118], [119] consistent with our
observations. This is due to the reductant exposure leading to sulfate reduction and then
S species desorption, whereas under oxidizing conditions, the sulfates remain stable to

higher temperatures. Interestingly, reducing environments in both H2 and CO at 600 °C

45



led to an increased measure of Oconsumed at 600 °C compared to the fresh sample. In the
literature, it has been hypothesized that oxygen from the decomposition of SO4? species
in CeO2-based materials may contribute to the oxygen storage capacity process [86]. At
600 °C, as shown in Figure 2-6B and Figure 7-3, the CO pulse at 600 °C not only leads
to CO2 formation via consumption of oxygen from the spinel lattice, but also the desorption
of SO2 from the decomposition of sulfate species, which could lead to the increased
Oconsumed compared to the fresh sample. Note, since the S mass balance did not close for
all regeneration treatments, there is remaining S on the catalyst surface, and it still could

impact catalytic activity.
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Figure 2-8 Comparison of the CHa conversion using fresh, SO2 exposed and H:2
regenerated PGM + Spinel monolith samples, and the SO:2 profile during the CHa4
oxidation temperature reaction ramp after Hz regeneration.

Based on the recovery of Oconsumed, reducing treatments can effectively regenerate
the ability for the Mn-Fe spinel material to provide lattice oxygen by inducing the
decomposition of S species from the catalyst surface. Reducing treatments were

therefore applied to the PGM + spinel sample to assess if CH4 oxidation activity was
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recovered. Figure 2-8 shows the CH4 conversion obtained using the fresh, SO2-exposed,
and H2- regenerated at 600°C samples, and the SO2 concentration profile during the
temperature ramp after the H2 regeneration at 600 °C. At low temperatures (< 450°C), the
H2 regeneration at 600 °C successfully recovered all CH4 oxidation activity since CH4
conversion profiles matched that for the experiment using the fresh sample. However, at
higher temperatures, the rate of change in CH4 conversion as a function of temperature
slowed and ultimately only achieved ~77%. In evaluating the SO2 desorption profile during
the CH4 oxidation temperature ramp, as CH4 conversion achieves its maximum, SOz
desorption is observed before the end of the temperature ramp. The sulfur mass balances
during adsorption and desorption during the regeneration and CH4 oxidation ramps can
be found in Table 2-3. The amount of S adsorbed on the Mn-Fe spinel material found in
Table 2-2 was used to extrapolate the amount of S adsorbed on the Mn-Fe spinel layer
of the PGM + spinel monolith sample, which corresponds to 18.1 pmol. Using the total
SO2 adsorbed found in Table 2-3 (38.1 pmol), the amount of S adsorbed on the PGM
layer is 20 umol. Since the amount of S adsorbed on the PGM layer (total amount of PGM
is 5.6 ymol) is slightly higher than the amount of S adsorbed on the Mn-Fe spinel layer,
the addition of the PGM layer does influence S adsorption and spillover onto the Al203

support.
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Table 2-3 S mass balance after regeneration for the PGM + spinel monolith samples

SO2
SO Desorbed
Regeneration SO Desorbed Durin
g Regeneration 2 During 9 %
Temperature o Adsorbed , CHa
o Conditions Regeneration A Desorbed
(°C) (umol) Oxidation
Ramp
(umol) Ramp
(pmol)
600 3% H2+ N2 38.1 14.2 7.3 56%
CHa+ H2 +
cycled [O2] - i 0
700 0/5500 ppm at 42 36 87%
0.0625 Hz

Regarding the SOz desorption during the regeneration and CH4 oxidation ramp,
only 56% of the total SO2 adsorbed was desorbed, suggesting that a fraction of S was
decomposed under the regeneration and CH4 oxidation steps, and the remaining S
influences CHa4 oxidation performance. Since no low temperature desorbing S species
were observed during the CH4 oxidation temperature ramp, H2 regeneration at 600 °C
can decompose these species and recover Oconsumed from the Mn-Fe spinel material but
falls short at inducing the decomposition of some other S species. Inhibition by S04
species is most likely impacting CH4 oxidation performance, likely due to their stability
and possibly also proximity to the active sites [113], [130], [134]. Furthermore, the pattern
observed matches that in Figure 2-5B, where CH4 conversion plateaued and only began
increasing once SO2 desorption stopped. Another concern with high temperature
regeneration treatments is the potential of irreversible deactivation via precious metal
particle sintering or changes in oxygen storage. However, exposing the PGM + spinel

sample to these H2 regeneration conditions, but with no SO2 exposure at 100 °C, led to
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no differences in the CH4 oxidation performance, as shown in Figure 7-4. Therefore, the
unconventional CHs4 oxidation behavior at high temperatures is due to inhibition by
residual SO42 species, not caused by deactivation via sintering or changes in oxygen

storage properties.
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Figure 2-9 Summary of CH4 conversion after regeneration at 700 °C using Schematic 7-
1.

The effectiveness of the regeneration method at inducing the decomposition of S
species depends on the gas composition as shown from the results above. However,
those regeneration methods were not completely effective in the decomposition of stable
S04 species, which have been noted to affect CH4 oxidation activity at high temperatures
[134]. Since the 600 °C regeneration technique induced the decomposition of some S
species on the catalyst, increasing the regeneration temperature should lead to more S
species decomposition. In the case of O2 regeneration (Figure 7-5A), two higher
regeneration temperatures were tested, 650 and 700 °C, using the protocol described in

Schematic 7-1. After each regeneration step, CH4 conversion improved and ultimately
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reached 85%. Interestingly, in evaluating the SOz2 profile during the regeneration protocol
(Figure 7-5B), some SO2 desorption occurred once CHs4 oxidation conditions were
reintroduced after the O2 regeneration steps. This suggests that during the O:2
regeneration steps, the oxidized precious metal sites do not lead to S species
decomposition. With the switch to CH4 oxidation conditions, even though oxygen was
present, exposure to CH4 as a reductant led to the decomposition of SO4? species as
desorbed SOq2. This is consistent with studies that have shown improvement in CH4
conversion under regeneration methods where the feed composition alternates between
periods of high oxygen concentrations and the presence of reductant (i.e., CH4) [104],
[108], [109]. In the case of H2 regeneration (Figure 7-6A), regeneration temperatures at
650 and 700 °C were also tested. Methane conversion also improved after each
regeneration step, again reaching 85% after regeneration at 700 °C; however, the rate of
change in CH4 conversion after each regeneration step was slower compared to the CHs
conversion recovery after O2 regeneration steps. No SO2 desorption occurred during the
regeneration steps at high temperatures or after the reintroduction of CH4 oxidation
conditions as shown in Figure 7-6B. Alternating between periods of high H2
concentrations and the presence of CHs4 and Oz does not appear to induce the

decomposition of S species into SOx.

Alternating the feed composition between reductant- and oxygen-rich phases has
been shown to be an effective regeneration method at low temperatures (< 600 °C)
[59,60]. To test how alternating the feed composition affects regeneration, the CHa4
oxidation conditions (CH4 — 1500 ppm + [O2] — 0/5500 ppm + frequency = 0.25 Hz) were

kept during temperature steps at 650 and 700 °C (Figure 7-7A). After both temperature
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steps, CH4 conversion improved to 90% verifying that feed fluctuations between the two
phases did improve regeneration and catalyst performance. In evaluating the SOz profile
during this regeneration protocol (Figure 7-7B), only a small SO2 desorption peak during
the first regeneration ramp phase was observed. According to the literature, alternating
the feed composition from reducing to oxidizing conditions leads to SO:2 release due to
the reduction of stable sulfate species by CH4 at the precious metal sites [108]. Even
though SOz release during this regeneration was minimal, S species decomposition via

the desorption of other S-containing species (i.e., H2S) may have occurred.

Since amplitude and frequency are key parameters during periodic operation that
affect CH4 oxidation performance [86]-[88], these parameters can also potentially have
an impact on the rate of S species decomposition on the PGM + spinel sample as well.
First, the frequency of the [O2] — 0/5500 ppm cycles was slowed from 0.25 to 0.0625 Hz.
Figure 7-8A shows the CH4 conversion after regeneration at 700 °C, and it improved from
73 10 89% at 600 °C. In evaluating the S profile (Figure 7-8B), some S desorbed from the
catalyst surface in the presence of the regeneration gas conditions at 700 °C. Alternating
the feed composition between the O-containing phase and its absence does lead to S
release due to the reduction of sulfate species by CHa4 (or derived reductant). The faster
frequency, 0.25Hz, did not induce as much SOz release as shown in Figure 7-7B. Slowing
down the frequency to 0.0625 Hz may induce deeper reduction and/or also allow S
species diffusion from the support to the precious metal sites which leads to more S
species decomposition. Figure 2-9 shows a summary of the CH4 conversions after the

application of these different regeneration methods where key regeneration parameters,
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such as the regeneration temperature and the application of cycling, were introduced

using the protocol described by Schematic 7-1.
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Figure 2-10 (A) CHa4 conversion and SO: profile after regeneration at 700 °C with CHa4
+ Hz and cycling O2 at a frequency = 0.0625 Hz step using the PGM + spinel monolith
sample; (B) Comparison of the Oconsumed for the fresh, SOz exposed and regenerated
(700 °C, CHa + Hz2 + [O2] — 0/5500 ppm + frequency = 0.0625 Hz) Spinel Only powder.

Alternating the feed composition and optimizing cycling parameters during the
regeneration process led to an increase in CH4 conversion at 600 °C. The regeneration
methods using cycling of the inlet gases discussed above include CH4 as the reductant.
Increasing the reductant concentration could lead to more S species decomposition
during the regeneration step, which could in turn lead to an increase in catalyst
performance. Figure 2-10A shows the CH4 conversion and SOz profile before and after
regeneration in a gas mixture that included Hz2. The gas mixture was again modulated,
with the Oz cycling between 0/5500 ppm at a frequency of 0.0625 Hz, all at 700 °C. Note,
the slower cycling frequency leads to more significant oscillations in the conversion as a
function of time, especially at the higher temperature where deeper reduction can occur

in the absence of O2.With the addition of 0.1% Hz2to the regeneration feed composition,
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CHa4 conversion improved from 73 to 93%. Table 2-3 shows the S balance during
adsorption and desorption during the CH4 oxidation temperature ramp. This regeneration
method with Hz included was able to induce the decomposition of 87% of the adsorbed S
species, which led to the catalytic activity recovery at 600 °C. Figure 2-10B shows the
comparison of the Oconsumed for fresh, SO2-exposed, and regenerated Mn-Fe spinel
powder using this regeneration protocol, and it successfully recovered all the Oconsumed

lost after S exposure.

To evaluate any effects due to exposure at high temperature treatment, i.e.,
separate from that of S exposure combined with the high temperature treatment, a
separate experiment was run duplicating all regeneration conditions excluding the sulfur
exposure at 100 °C. Figure 7-9 shows that methane conversion dropped from 100 to 90%
during the first isothermal hold at 600 °C, suggesting that high temperature deactivation
might have likely occurred (i.e., sintering or changes in oxygen storage properties). These
results suggests that deactivation due to exposure at 600 °C could have possibly affected
the results for CH4 oxidation and Oconsumed during CO pulse measurements after
regeneration; however, high temperature exposure is needed for catalyst regeneration
from S exposure. After the application of the regeneration step at 700 °C to the control
sample, CH4 conversion reached 89% at the second isothermal hold at 600 °C, showing
that these regeneration conditions do not cause any further deactivation to the PGM +
spinel sample. Comparing these control results with the high temperature regeneration
results shown in Figure 2-10A, the combination of alternating the feed composition and
optimizing cycling parameters regenerated the catalyst fully; however, thermal

degradation did occur.
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While some amount of CH4 oxidation activity was recovered for all regeneration
methods tested, the extent of regeneration depends on the ability to induce and drive the
decomposition of SO4? species, which influence the CH4 oxidation performance at high
temperatures on the PGM + spinel catalyst. Even though CH4 conversion improved,
regeneration methods with a constant feed composition (i.e., O2 and Hz conditions) did
not induce the decomposition of all SO4 species since no S release occurred during the
regeneration steps as shown in Figure 7-5B and 7-6B. It is likely these conditions do not
drive S species decomposition since a highly oxidized or reduced S species cannot be
released as SO2. Once a reductant (i.e., CHa4) is reintroduced into the feed after O2
regeneration steps as shown in Figure 7-5B, the sulfate species can be reduced and S
released as SOz2. In the case of H2 regeneration, the small oxygen concentration during
methane oxidation conditions might not be sufficient to drive SO2 release from the highly
reduced S species, or S was released during the regeneration step, but as H2S which
was not measured. The latter is likely given the recovery of some CH4 oxidation activity.
Alternating the feed composition from reducing to oxidizing conditions results in more
sulfate decomposition via the release of SOz2, since it avoids the formation of highly
oxidized or reduced S species. With this in mind, the effects of cycling parameters (i.e.,
frequency) should and do lead to differences in the released S profiles as shown in Figure
7-7B and 7-8B. Slower frequencies show a greater S release during the regeneration
steps compared to the S release profile of the faster frequencies tested, suggesting that
alternating the feed composition drives S diffusion on the catalyst surface. Ultimately, the
decomposition of SO42 species on the PGM + spinel catalyst is best achieved by the

application of periodic operation in the presence of both reducing and oxidizing agents.
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2.5 Conclusions

The effects of SO2 and catalyst regeneration on the methane oxidation performance
of a bilayer PGM + MnosFe2504 spinel catalyst operating under periodic inlet gas
composition conditions were studied. Improvement in CH4 conversion under periodic
conditions relative to steady-state inlet gas composition conditions was observed. A
measure of the reactive oxygen associated with the Mno.sFe2.504 spinel was probed via
CO pulse injection and showed that oxygen from its spinel lattice can be released and be
an oxygen source during the oxygen-deficient phases during periodic conditions. After
sulfur exposure at 100 °C, the CH4 oxidation performance loss over the PGM + spinel
catalyst was due to the influence of SO42 on the catalyst, and the loss of reactive O of the
spinel material. The extent of regeneration of the PGM + spinel catalyst is dependent on
the ability to induce the decomposition of the more stable SO42 species, and while all
regeneration methods tested in this study do improve CH4 conversion at 600 °C,
regeneration methods under periodic conditions not only improved CH4 conversion, but

also induced greater S species decomposition from the catalyst surface.
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3. Effects of Hydrothermal Ageing and Sulfur Poisoning of
PdCu Alloy Catalyst for Low-Temperature Diesel Oxidation
Catalyst Applications

This chapter contains work in preparation in collaboration with Oregon State
University.

3.1 Introduction

Catalytic oxidation is critical in pollution abatement, chemical production, and energy
production technologies [135]. Pollution abatement for diesel vehicles is important as
global use is expected to increase over the next 25 years [136]. Compared to gasoline-
based engines, diesel engines offer high efficiency and durability while generating more
torque, making them well-suited for heavy weight transportation [136]. Additionally, in
terms of emissions, they release less CO: into the atmosphere [137]. The current diesel
aftertreatment system is composed of a diesel oxidation catalyst (DOC), diesel particulate
filter (DPF), selective catalytic reduction (SCR) catalyst, and ammonia slip catalyst (ASC).
As the first unit operation of the current diesel aftertreatment system, the DOC is
responsible for the oxidation of unburned hydrocarbons, carbon monoxide (CO), and nitric

oxide (NO) as shown in Egs. 3.1-3.3 [14], [17], [18].

CO Oxidation: CO + %02 - CO0, (3.2)
Hydrocarbon Oxidation: C,H,, + 0, —» CO, + H,0 (3.2)
NO Oxidation: NO + %02 - NO, (3.3)

Modern low-temperature combustion (LTC) diesel engines achieve high fuel
efficiencies and release lower NOx and particulate matter emissions compared to

conventional diesel vehicles [51], [52]. However, due to the lower exhaust temperature,

56



slower reaction kinetics over the DOC can lead to incomplete combustion and release of
unburned hydrocarbons and CO. Therefore, designing DOCs that operate efficiently at
low temperatures (< 150 °C) and high CO concentrations in the presence of competitive

adsorbates should be considered [53].

Commercial DOCs contain precious metals (such as Pt and Pd) as the active
centers for DOC chemistry. Due to their low availability and high price, current efforts to
improve precious metal utilization primarily focus on synthesizing highly dispersed
catalysts and altering current formulations via alloying. For example, single atom catalysts
(SACs) are a promising avenue to achieve full precious metal use [43], [44], [138].
Typically, synthesis methods involve low metal loadings and reducible supports (i.e.,
CeOz2, MgO, Fe203) and SACs have been studied for CO oxidation [139], CH4 activation
[140], propane dehydrogenation [141]-[143], and other probe reactions. However, due to
their low thermodynamic stability, they often agglomerate to form clusters and
nanoparticles during reaction conditions [144] and deactivate in the presence of common

catalyst poisons, such as H2S [145].

Another way to reduce precious metal content while designing highly active
surfaces is to improve current DOC formulations via alloying. Pt-Pd bimetallic systems
have been implemented as DOC catalysts due to their higher catalytic activity and
resistance to degradation through hydrothermal aging [146]—-[148]. However, under LTC
conditions where exhaust temperatures are low, these systems fail at oxidizing CO and

NO simultaneously [149]-[153].

The incorporation of non-precious metals into DOC catalysts could offer an

economical yet productive alternative. Particularly, the introduction of Cu to Pd catalysts
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has been explored for CO oxidation [154], [155], water gas shift [156]-[158], and selective
hydrogenation of alkanes [159]-[161]. According to Kristy et al., the incorporation of Cu
into Pd-based DOCs shows promising activity for CO oxidation under simulated exhaust
conditions, even in the presence of competitive adsorbates [162]-[164]. Based on IR
spectroscopy results, formation of surface nitrosyl species was not observed on the
bimetallic sample, suggesting that the incorporation of Cu in Pd-based DOCs reduces
NO adsorption on Pd active sites. However, as Cu substitution increases, CO oxidation

activity decreases due to the Cu covering the active Pd surface [164].

Even though these bimetallic catalysts show promising CO oxidation activity, even
in the presence of competitive adsorbates, new DOC formulations must be tested under
more realistic conditions, and their response to hydrothermal aging and common catalyst
poisons, such as SO2, needs to be understood. For hydrothermal aging, exposure to
water vapor at high temperatures has been known to induce agglomeration of the active
components and physical changes to the oxide supports such as loss of surface area

[165], [166].

Even though a 15 ppm standard for sulfur in diesel fuel has been set by the US
Environmental Protection Agency (EPA) [167], the impact of this quantity over time has a
detrimental effect on DOC performance due to the strong chemisorption of sulfur species
on the catalyst surface [91], [168], [169]. Sulfur in the diesel aftertreatment system
originates from the fuel itself and lubricating oils and its most abundant form after
combustion is SO2. In the presence of oxygen and water vapor, SO2 can be further
oxidized to undesired products such as SO3s and H2SO4 [49], [50], [169], [170]. These

potentially lead to the loss of surface area and catalyst component phase transformations
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and jeopardize the performance of further downstream aftertreatment catalysts [171].
Exposure to SO2 forms numerous sulfur species that inhibit precious metal sites from
carrying out oxidation reactions, which results in the suppression of DOC catalytic activity.
However, the extent of sulfur poisoning impact depends on catalyst composition, i.e.,
active materials and oxide supports used. In terms of the precious metal used, Pd easily
reacts with SOz to form stable PdSO4 species [93], [110], [121], [172]. In the case P4,
weakly adsorbed S species, such as molecular SO2 and sulfite (SO3?") species, can form
while PtSO4 formation is unlikely [172]. Concerning the oxide supports used, they can be
classified as sulfating (i.e., Al203, CeO2) and non-sulfating supports (i.e., SiO2): in the
presence of SOz, the sulfating supports react with SOz to create relatively stable sulfate
species (SO4?%), while the reaction and formation of these species do not occur on non-
sulfating supports [89]. Sulfur speciation on the catalyst surface can also vary based on
reaction conditions, especially the presence of oxygen, adsorption temperature and the
precious metal particle size [99], [101]. In bimetallic systems, the composition ratio also
directly impacts sulfur speciation, and bimetallic formulations can exhibit resistance to
poisoning as seen for Pt-Pd [48], [100] and Pt-Cu [173], [174]. In the case of Pt-Cu
bimetallic catalysts, Liau et al. showed that addition of a small amount of Cu into Pt
catalysts led to lower sulfur content on the catalyst surface and retained activity after
sulfur poisoning [173]. For Cu-based catalysts, numerous studies have explored the sulfur
speciation for selective reduction of NOx [175], [176]; for DOC applications, sulfur
speciation depends on the oxidation state of Cu, temperature and the presence of Oz and
H20 [177]. Most reports indicate that Cu ions can easily react with SO2 to form CuSOg4

species that decompose at temperatures above 600 °C [178].
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Regeneration treatments can potentially reverse the effects of sulfur poisoning and
recover catalytic activity by inducing the decomposition of sulfur species from the catalyst
surface [99], [100], [120], [179], [101], [103], [104], [107], [111], [112], [115], [118].
Typically, high temperatures (> 500 °C) and the presence of a reductant (i.e., H2, CO,
HCs) are used to decompose oxidized sulfur species on the catalyst surface. Generally,
desorption of molecular SO2 and SO2 from the decomposition of sulfite species occurs
between 100 and 300 °C while SO2 desorption from the decomposition of surface and
bulk sulfate species occurs above 600 °C [101]. As stated above, loss of active sites via
PdSO4 formation is the dominant inhibition pathway when Pd-based catalysts are
exposed to sulfur. The final state of Pd after PdASO4 decomposition depends on the
regenerative atmosphere the catalyst is subjected to. According to Kinnunen et al., PdSO4
decomposition under inert conditions occurs via a stepwise reaction as shown in Eq. 3.4

[121].

PdSO4 Decomposition: PdS0, —» PdSO; + %02 - Pd+ S0, + %02 (3.4)

Other studies have hypothesized that under reductive treatments, PdSO4 decomposes to
PdxS due to the reaction between Pd and residual sulfur in the catalyst [120]. For
bimetallic systems, the composition ratio also impacts the effectiveness of the

regeneration treatment as seen for Pt-Pd and Pt-Cu [48], [173].

Here, we investigated the performance of a bimetallic PdCu catalyst in the presence
of competitive adsorbates and its response to hydrothermal aging and sulfur poisoning.
First, the NO resistance reported previously in these bimetallic systems was found to be
a function of concentration — when enough NO is present in the reactant gas, inhibition is

observed, but at low NO concentrations it is not. With monometallic Pd, the inhibition is
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observed in both low and high NO concentrations cases. Second, we explored the effects
of reducing and not reducing the catalyst intermediately under wet conditions, to see if
dry/intermediate reductions contributed to the high activity or resistance to NO inhibition
observed previously. Apparently, CO oxidation activity over both Pd and PdCu catalyst
does not suffer when water is added, and when no intermediate reduction is performed.
We also assessed the catalytic activity after hydrothermal aging in the presence of
competitive adsorbates. Both Pd and PdCu catalysts have similar activity after
hydrothermal aging in the presence of NO, H20 and toluene. The effects of SO2 poisoning
and regeneration on both CO oxidation and CO + NO co-oxidation were investigated for
both the monometallic Pd/SiO2 and the bimetallic PdCu/SiO2. The small addition of Cu to
the Pd-based DOC offered some resistance to SO2 poisoning and led to a greater extent

of regeneration under reducing conditions.

3.2 Methods

3.2.1 Catalyst Synthesis

A silica-supported monometallic Pd and an alloy PdCu catalyst with a 3:1 Pd:Cu
atomic ratio were synthesized using the strong electrostatic adsorption (SEA) method
reported by Jiao and Regalbuto [180]. The Pd catalyst had a 4% Pd loading and the 3:1
PdCu had 2.5% Pd and 0.5% Cu by weight. For the synthesis, 5 g of silica gel (Davisil
636, Millipore Sigma) were mixed with 45 mL of deionized water (18.2 M-Q) and 4 mL of
stock ammonium hydroxide solution. The palladium nitrate and copper nitrate precursor
(TCl America) were dissolved in 5 mL of water, to which 4 mL of stock ammonium
hydroxide solution were added. The solution of metal ammine nitrate precursors was

added to silica under vigorous stirring. The mixture was stirred for 1 hour and the solids
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were separated from the liquid by vacuum filtration. The retentate was washed with 100
mL of water and then dried under ambient air pressure at 90 °C for 16 h. Portions of the
dried solids were then treated for 4 hours under flowing air (100 cm? min-'g™") in a tubular

furnace at 700 °C with a heating rate of 5 "C/min.

3.2.2 Details of Hydrothermal Aging Testing

We performed multi component oxidation experiments (TPO - temperature
programed oxidation) on the two synthesized powder catalysts using a plug flow reactor
with the product gas CO, NO, CO2, NO2 and H20 outlet concentrations measured using

a FTIR (California Analytical Instrument 600 FTIR (SC)).

3.2.3 Details on Activity Tests

Various activity tests (Trials 1-4 below) were conducted with the catalysts. In Trials 1-
3, the catalyst was diluted 1:1000 with silica gel (Davisil Grade 635 Silica gel, pore size
60 A, 60-100 mesh) by repeated crushing and pelletizing processes, sieved to eliminate
particles smaller than 106 ym, and loaded into the quartz reactor directly on top of a
porous frit in the reactor chamber. Since the two catalysts have different metal loadings,
dispersion-based particle size was used to load equal surface moles of each catalyst. 840
mg of diluted Pd and 1000 mg of diluted 3:1 PdCu result in 2.65 surface micromoles of
catalyst loaded [164]. A gas manifold with electronic mass flow controllers was used to

deliver reactant gases to the reactor, and the effluent as noted was analyzed by FTIR.

In all trials, the fresh catalyst was reduced with pure Hz flowing at 20 cm?® min-! while
being heated at 6 °C min~' from room temperature (RT) to 250 °C and held for 45 min

before cooling to room temperature (TPR — temperature programed reduction), before
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oxidation reactions were performed. The experimental parameters for each trial are as

follows (Table 8-1 details feed and reactor reagent concentrations):

3.2.3.1 Trial 1

This is a series of three experiments runs with an intermediate TPR before each TPO.
This is a repeat of experimental results previously published [164], with higher NO
concentration and the addition of water. The final CO only TPO is performed to determine
if any activity loss occurs between runs 1 and 3 from NO inhibition, or from repeated heat
treatments. The feed composition was 12% O2 (15 kPa), 0.6% CO (0.5 kPa), 400 ppm
NO, and 1.2% H20 (balance Ar and N2). Water is injected using a syringe pump at a rate
of 2 mL h™'in all runs. In Trial 1, during the TPO, gasses are introduced with a gas hourly
space velocity (GHSV) of 27,200 hr''g Pd-' (1200L g' hr') and 23,000 hr'g PdCu-" (1030

Lg" hr).

3.2.3.2 Trial 2

This is a series of four TPO runs with only an initial TPR (no intermediate reduction
treatments). The purpose of this experiment is to determine if the intermediate reductions
contribute to observed activity [164]. This feed composition was 12% O2 (15 kPa), 0.6%
CO (0.5 kPa), 50 ppm NO, and 1.2% H20 (balance Ar and N2). Water is injected from a
syringe pump at a rate of 2 mL h-' in all runs. In Trial 2, during the TPO experiments,
gasses are introduced with a gas hourly space velocity (GHSV) of 27,200 hr'g Pd-

(1200L g' hr'') and 23,000 hr''g PdCu" (1030 L g' hr'') (same flowrates at Trial 1).
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3.2.3.3 Trial 3
Hydrothermal aging: Prior to Trial 3 experiments, the undiluted catalysts were
hydrothermally aged at 700 °C for 80 h in air (100 mL min-") and water (0.3 mL hr') flow

using a tubular furnace. Catalysts were then diluted as described above.

The hydrothermally aged catalyst underwent a series of 8 TPOs following an initial
TPR, with no intermediate reductions. The total time on stream comes to ~50 h to
complete these oxidation reactions, helping to further probe activity loss over time in these
materials. Odd numbered TPOs (runs 1, 3, 5, and 7) contain only CO and Oz (balance N2
and Ar). Run 2 contains NO (200 ppm balance N2). Run 4 contains NO as in run 2, but
with the addition of water at a rate of 2 mL h-'. Run 6 contains NO, water at a rate of 1 mL
h-' and toluene at a rate of 1 mL h-'. Run 8 contains water and toluene at the same rates
as run 6, but without NO present. TPO experiments were run at a gas hourly space
velocity (GHSV) of 27,200 hr''g Pd' (1200L g-! hr') and 23,000 hr'g PdCu™ (1030 L g

hr') (same flowrates at Trial 1).

3.2.34 Trial 4

The catalysts used in this set of experiments are those that have been poisoned by
SO:2 exposure, and subsequently regenerated. Here, 15 mg of active catalyst powder
were diluted with 150 mg of cordierite, and a total flowrate of 300 sccm were used. The
active material and diluent were sieved to achieve a mesh size range of 250-420 ym. The
mixture of the active material and diluent was placed in a quartz tube and secured with
quartz wool at each end. The sample was then installed inside a Thermo Scientific
Lindberg/Blue tube furnace as part of a powder flow reactor system. Bronkhorst and MKS

mass flow controllers were used to control feed gas flowrates. Type K thermocouples
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were placed at the catalyst inlet and outlet positions to measure temperature, and the
inlet temperature was used to plot results. Outlet gas concentrations were monitored
using MKS MultiGas 2030 FTIR Spectrometer gas analyzer and data was acquired at 1
Hz. To avoid sulfur deposition along reactor lines, stainless steel lines treated with
sulfinert coating were purchased from Swagelok. Before all experiments, all samples
were pretreated in 5% H2 in N2 at 300 °C for 45 minutes. Note, these experiments were
done on a different reactor than those described above. After cooling down the samples
to 50 °C under pretreatment conditions, the CO oxidation activity was evaluated, using
the following TPO protocol: 0.5% CO and 10% Oz2 in N2 with a 5 °C/min ramp rate. For
the CO + NO co-oxidation activity of the samples, 50 ppm of NO was added to the CO

oxidation activity protocol.

Temperature Programmed Desorption

To estimate the temperature at which formed sulfur species on the catalysts
decompose, the samples were first exposed to 30 ppm SOz and 10% Oz in N2 at 100 °C
until SO2 saturation was achieved after the H2 pretreatment mentioned above. After the
outlet SO2 concentration reached the inlet 30 ppm concentration, the reactor was purged
with N2 at 100 °C to remove weakly adsorbed SO2 from the sample and reactor lines until
the SO2 concentration recorded by the FTIR reached zero. Then, a temperature
programmed desorption ramp was performed at a rate of 10 °C/min to 900 °C followed

by an isothermal hold at 900 °C for 15 minutes.

Sulfur Regeneration
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After SO2 exposure at 100 °C, samples were exposed to a gas mixture of 5% Hz in N2,
and a temperature ramp of 100 to 700 °C was performed. The temperature was then held
at 700 °C for 45 minutes. Following this regeneration treatment, the sample was cooled
to 100 °C in H2 and the CO oxidation activity protocol was performed to assess if catalytic
activity had recovered. To rule out if the regeneration treatment induced any further
deactivation via sintering, the regeneration protocol was performed without the SO2

adsorption step at 100 °C.

3.3 Results

3.3.1 Trial 1

Figure 3-1 shows the respective conversion as a function of temperature curves
acquired for Pd (A) and PdCu (B) under trial 1 conditions. The results of Run 1 (green)
are like those shown in previous publications, in terms of the conversion vs temperature
shape and Tso acquired [164]. Since water was included in these conditions, but not in
previous publications, this indicates water alone does not significantly affect CO oxidation
performance under these conditions. Run 2 data (red) indicates that both Pd and PdCu
are inhibited by the addition of NO, as seen by the shift in conversion values to higher
temperatures. Previous work has shown that PdCu offers resistance to NO inhibition of
CO oxidation activity at low NO concentrations (50 ppm). This means the NO inhibition
resistance is a function of NO concentration for PdCu or that the addition of water
compounds the NO inhibition effect. To determine if the result is from NO concentration
or water, dry runs at high NO concentration are shown in Figure 8-1, and clearly show the
inhibition effect is present, indicating NO inhibition resistance in PdCu is in fact a function

of NO concentration. Repeat experiments conducted at 50 ppm NO are shown in Figure
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8-2 to confirm PdCu does show inhibition free activity at low NO concentrations. Run 3
(blue) data indicates a loss of activity with repeated runs for Pd, but an apparent
resistance to loss of activity for PdCu, at low temperatures. Figure 8-3 displays Tso results

acquired for the Trial 1 experiments.
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Figure 3-1 Conversion versus temperature for Pd/SiO2 (A) and 3:1 PdCu/SiOz2 (B) under
Trial 1 conditions. Run 1 (green) and 3 (blue) contain only CO and O2. Run 2 (red)
contains NO.

3.3.2 Trial 2

Figure 8-4 displays the conversion versus temperature results acquired for Trial 2 data
on 8-4A Pd and 8-4B PdCu. The primary differences between Trial 1 and 2 are that Trial
2 contains lower NO concentration (50 ppm) and that no intermediate reductions take
place. All four results sets for both catalysts are very similar in terms of temperature where
the onset of conversion occurs, indicating the intermediate reduction step had little effect
on activity. The Tsos shown in Figure 3-2 indicate Pd and PdCu have similar activity.
However, we note that PdCu has an apparent loss of activity with more runs, whereas the
Pd Tso decreases with increasing run numbers. The loss of activity for PdCu is not likely
due to the addition of NO at this concentration, but rather from the repeated heat

treatments, as discussed in Trial 1 proofs.

67



e Pd e PdCu

\ N )l
O\\\O » \(,0 0.“\0
b e o o i
Q¥ o

Figure 3-2 Tso values for Pd/SiOz (red) and 3:1 PdCu/SiOz2 (blue) under Trial 2 conditions.
3.3.3 Trial 3

Tso values acquired from the activity tests performed on the hydrothermally aged
catalysts are shown in Figure 3-3 where Pd is shown in red (A) and PdCu in blue (B). The
X-axis is labeled with the reactants included in each run. Conversion versus temperature
results from which the Tsos were acquired are shown in Figure 8-5, (A) showing Pd and
(B) showing PdCu results. The initial CO-only run for both catalysts is of comparable
temperature to that acquired without hydrothermal aging. However, both catalysts also
show an increase in Tso value as subsequent runs are performed. Run 6 for Pd (A) shows
a strong inhibition effect when NO, water, and toluene is present in the system. The effect
is less pronounced on the PdCu in run 6, but still significant. Further, PdCu appears to
continually increase in Tsoas more reactants are added, indicating activity falls with each
run cycle. These results indicate the initial hydrogen reduction post hydrothermal aging
has a positive effect on activity for both materials, but this effect is lost with each
sequential run. The effect of additional reactants appears to be more pronounced for the

Pd catalyst only in run 6, whereas all other runs are comparable.
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Figure 3-3 Temperatures at 50% conversion acquired for Pd/SiO2 (A) and 3:1 PdCu/SiOz2
(B) under Trial 3 conditions.

3.34

Trial 4

Sulfur and Regeneration Study of Bimetallic PdCu Alloys

Baseline Activity before SOz exposure for CO and CO + NO co-oxidation
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Figure 3-4 CO conversion using Pd/SiOz (left) and 3:1PdCu/SiOz2 (right). Runs 1 and 3
are under CO oxidation baseline conditions, 0.5% CO and 10% Oz in N2, while Run 2
includes 50 ppm NO with the CO oxidation baseline conditions.

To assess the effects of SO2 on the catalytic activity of these samples, baseline

activity experiments for CO and CO+NO co-oxidation were performed over the

monometallic Pd/SiO2 and bimetallic 3:1 PdCu/SiO2 samples. Figure 3-4 shows the CO

conversion as a function of temperature during a series of TPO tests over Pd/SiO2 (left)
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and bimetallic 3:1 PdCu/SiOz2 (right). In the case of Pd/SiO2, when 50 ppm of NO was
introduced during Run 2, the CO conversion profile shifts to higher temperatures.
Comparing the temperature at 50% conversion (Tso) for Run 1 and 2, a 14 °C difference
was observed indicating that Pd/SiO2 was susceptible to the inhibition caused by the
presence of competitive adsorbates. The introduction of Cu substitution into the Pd
catalyst led to an increased resistance in the presence of competitive adsorbates since
the CO conversion profile under Run 2 conditions did not shift to higher temperature and
matched the CO conversion profile during Run 1 and 3 conditions. This behavior has
been predicted by DFT studies [162] and verified by experimental studies [163]. However,
the Tso comparison between Pd/SiO2 and bimetallic 3:1 PdCu/SiOz2 for CO oxidation (157
°Cvs. 179 °C) and CO + NO co-oxidation (172 °C vs. 180°C) shows that the monometallic
catalyst is more active for both reactions, although impacted by the addition of NO. This
difference is attributed to the different weight loadings of the synthesized samples. Note,
in the sulfur exposure experiments, the space velocity was not varied to account for the

lower Pd loading, for consistency with prior SO2 poisoning experiments [100], [179].
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Sulfur Impact on Catalytic Activity
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Figure 3-5 CO conversion before and after SO2 exposure under CO oxidation (left) and
CO + NO co-oxidation (right) conditions for Pd/SiO2 and 3:1 PdCu/SiO2. Fresh CO
conversion profiles are depicted by solid lines, while SO2-exposed CO conversion

profiles are depicted by dashed lines.

After SO2 exposure at 100 °C, the baseline activity experiments for CO oxidation
and CO + NO co-oxidation reactions for the monometallic Pd/SiO2 and bimetallic 3:1
PdCu/SiO2 samples were run to evaluate the impact of SO2 on the catalytic activity. The
fresh (solid) and SO2-exposed (dashed) CO conversion profiles under CO oxidation and
CO + NO co-oxidation conditions are shown in Figure 3-5. The amount of SO2 adsorbed
during exposure at 100°C and the extent of inhibition based on the difference for Tso

values for fresh and SO2-exposed runs can be seen in Table 3-1.
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Table 3-1 SO2 adsorption quantification and changes in the Tso values due to SOz2
exposure at 100 °C

ATso between Fresh
ATso between Fresh

SOz Adsorbed and SOz Exposed
Catalyst and SOz Exposed
(umol) for CO + NO co-
for CO oxidation
oxidation
Pd/SiO2 0.4 13 7
3:1 PdCu/SiOz2 0.3 4 20

Under CO oxidation conditions, SO2 exposure shifted CO conversion profiles for
both catalysts to higher temperatures, indicating that SO2 did inhibit CO oxidation activity.
However, the change in Tso between fresh and SO2-exposed runs is higher for Pd/SiO2
as shown in Table 3-1. Based on this difference, addition of Cu to Pd-based DOC catalysts
offers resistance to the inhibiting effect of SO2. This response has also been observed for

addition of Cu to Pt-based catalysts [173].

In the case of the CO + NO co-oxidation reaction, CO conversion profiles for both
catalysts also shifted to higher temperatures. Based on the difference of Tso values for
fresh and SO2-exposed samples shown in Table 3-1, the difference is higher on the
bimetallic 3:1 PdCu/SiO2 sample. However, the rate of change in CO conversion at higher
temperatures is faster for the bimetallic sample compared to the monometallic sample.
We speculate that at high temperatures, SOz inhibition could affect the formation of

reaction intermediates on Pd/SiO2 impeding the completion of the reaction.
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Regarding the sulfur mass balance during the SOz including runs, Table 3-1 shows
only the amount of SO2 adsorbed during exposure at 100 °C since no SOz desorption
was observed in the temperature range of these TPO tests. Neither were SO3, COS, H2S
or H2SO4 detected during these TPO experiments. The bimetallic 3:1 PdCu/SiO2 shows
a lower amount of SO2 adsorbed at 100 °C compared to the monometallic sample. A
similar result has been observed with the addition of Cu to Pt-based catalysts due to

interaction between Pt-Cu that alters the bonding strength of sulfur species [173].
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Figure 3-6 SO2 desorption profiles during temperature program desorption study for
Pd/SiOz (red) and 3:1 PdCu/SiOz2 (blue).

Before a regeneration protocol was designed for removal of sulfur species from
the catalyst surface, some idea of when S species decompose and S desorbs needed to
be explored. To assess this, a temperature programmed desorption study was performed
after SO2 exposure at 100 °C and the SO2 desorption profiles for both monometallic

Pd/SiO2 (blue) and bimetallic 3:1 PdCu/SiO2 (red) are shown in Figure 3-6. For the
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Pd/SiO2 sample, two SO2 desorption peaks were observed during the temperature ramp.
Based on the literature, the low temperature desorption peak (located at 173 °C)
corresponds to the desorption of molecular SO2 from the catalyst surface, most likely the
SiO2 support, while the high temperature desorption peak (located at ~560 °C)
corresponds to SO2 from the decomposition of PASO4 species from the catalyst surface
as shown in Eq. 4 [121]. No high temperature sulfur species should be attributed to the
SiO2 support since it is non-sulfating support and does not react with SOz to create any

sulfate species [89].

For the bimetallic 3:1 PdCu/SiO2 sample, there are also two main SO2 desorption
regions: the low temperature peak (located at 173 °C) again should correspond to the
desorption of molecular SO2 from the catalyst surface, and the high temperature region
(starting at 500 °C) corresponds to SO2from the decomposition of various sulfate species.
The decomposition of PASO4 and CuSO4 occur in this temperature range (> 600 °C);
however, due to the bimetallic nature of this catalyst, the existence of Pd-rich, Cu-rich,
and alloyed regions are possible and vary depending on the temperature and operating
conditions. We speculate that the SO:2 desorption that occurs at these higher
temperatures are from the decomposition of sulfate species from the Pd and Cu, but the
distribution is unknown. Based on the SO:2 profiles for both catalysts, most of the sulfur
species on the catalyst surface have desorbed by 700 °C; therefore, 700 °C was chosen

as the regeneration protocol temperature.

Sulfur dioxide desorption peaks and the sulfur mass balance for control

experiments, i.e., the same protocol run with an empty tube, the SiO2 support and the
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cordierite diluent are shown in Figure 8-6 and Table 8-2, respectively. For all control

experiments, there is a small SOz desorption peak at 569 °C.

Catalyst Regeneration

Typically, catalyst regeneration protocols after sulfur poisoning involve high
temperatures (> 500 °C) to induce sulfur species decomposition but can also include the
presence of a reductant (l.e., Hz2, CO, CHa) as these often lead to lower temperatures for
decomposition of sulfate species. Literature results have shown that regeneration
treatments in reductive environments not only decompose a higher amount of sulfur
species, but also provide higher catalytic activity recovery compared to other conditions
[100], [107], [118]. Based on the TPD results mentioned above and literature results, a
regeneration temperature of 700 °C and the presence of H2 were selected as the
regeneration conditions to test whether the decomposition of sulfur species would lead to
recovered oxidation performance. Figure 3-7 shows CO conversion profiles for fresh
(green), SO2-exposed (red), and Hz-regenerated (blue) under CO oxidation (left panel)

and CO + NO co-oxidation (right panel) conditions for both catalysts.
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Figure 3-7 Comparison of the CO conversion during CO oxidation (left) and CO + NO
co-oxidation (right) using fresh (green), SO2-exposed (red) and Hz-regenerated (blue)
Pd/SiO2 (top panel) and 3:1PdCu/SiO2 (bottom panel) samples. To verify that the
regeneration protocol did not induce further deactivation, the samples were subjected
to the same regeneration protocol in the absence of SOz adsorption at 100 °C and the
control (magenta) CO conversion profiles as a function of temperature are also shown.

For CO oxidation conditions, the regeneration treatment at 700 °C successfully
recovered and enhanced the catalytic activity of the bimetallic 3:1 PdCu/SiO2 sample -

the CO conversion as a function of temperature profile of the regenerated catalyst shifted
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to lower temperatures compared to even that of the fresh conversion profile. In the case
of the monometallic Pd/SiO2 sample, the regeneration treatment did not recover any CO
oxidation activity, the regenerated CO conversion as a function of temperature profile
matches the conversion profile of the SO2-exposed sample. The difference in the activity
recovery of these samples suggests that the addition of Cu offers some resistance to SOz
as previously stated. It also indicates that the Cu addition favors the decomposition of
PdSOs4 species, which leads to improved CO oxidation activity. On the other hand, the
monometallic sample is more susceptible to SO2 poisoning and the regeneration
conditions were not sufficient to decompose the PdSO4 species on the catalyst surface
as shown in the SO2 TPD results. To demonstrate that the regeneration treatment did not
induce any other modes of deactivation (i.e., sintering), the regeneration protocol was
performed in the absence of SO2, and the control (magenta) CO conversion as a function
of temperature profiles are featured in Figure 3-7 for both the monometallic Pd/SiO2 and
bimetallic 3:1 PdCu/SiO2 samples. For CO oxidation conditions, the control regeneration
protocol did not induce further deactivation for either sample. However, in the case of the
bimetallic sample, the H2 regeneration protocol improved the CO oxidation activity,

explaining the improvement observed post SO2 exposure and regeneration.

For CO + NO co-oxidation conditions, the regeneration treatment in H2 at 700 °C
led to recovery of catalytic activity for both samples. Based on the oxidation results after
sulfur poisoning shown in Figure 3-7, the presence of NO as a competitive adsorbate led
to further deactivation, potentially indicating a more challenging recovery process. For
both samples, the regenerated CO conversion profiles match the fresh sample suggesting

that the effects sulfur poisoning can be reversed. The control CO conversion profiles also
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match the fresh profile suggesting that the regeneration protocol again did not induce

further deactivation.

Regarding sulfur mass balances, since no SOs, COS, or H2SO4 were detected
during the regeneration and baseline activity temperature ramps and we are unable to
measure H2S, mass balances were not realized. However, since the regenerated and
fresh CO conversion profiles match on the bimetallic sample, the regeneration treatment
successfully decomposes sulfur species on the catalyst surface that influenced activity.
In the case of the monometallic sample, the regeneration protocol successfully recovered

all activity under CO + NO co-oxidation conditions but did not for CO conditions.

Altogether, the addition of Cu to Pd-based DOCs does offer some resistance to SO2
poisoning based on the lower amount of SO2 adsorbed during the SO2 exposure part of
the TPD experiments, compared to the SO2 adsorbed on the monometallic sample. Plus,
the regeneration protocol under reducing conditions can reverse the effects of SOz
poisoning for both CO oxidation and CO+NO co-oxidation conditions. Even though the
effects of SO2 exposure led the CO conversion profile shift to higher temperature under
CO+NO co-oxidation conditions, the benefits of Cu addition on catalytic activity in the
presence of competitive adsorbates were recovered after the regeneration treatment.
Ultimately, as shown in previous literature studies, the addition of Cu to Pd-based DOCs
not only amplifies their improved resistance in the presence of competitive adsorbates
but also proves instrumental in mitigating the effects of SO2 poisoning and facilitating

regeneration.

3.4 Conclusions
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The effects of hydrothermal aging and sulfur poisoning were investigated for a
bimetallic PdCu catalyst in the absence and presence of competitive adsorbates. Further
investigation into NO resistance of bimetallic PdCu catalyst revealed its dependency on
the NO concentration. The CO oxidation activity for the monometallic Pd and bimetallic
PdCu catalysts remains unaffected in the presence of water, both with no intermediate
reduction and after hydrothermal aging in the presence of NO, H20, and toluene. The
effects of SOz poisoning and regeneration on both CO oxidation and CO + NO co-
oxidation were assessed for both the monometallic Pd/SiO2 and the bimetallic PACu/SiOx.
The small addition of Cu to the Pd-based DOC offered some resistance to SO2 poisoning

and led to a greater extent of regeneration under reducing conditions.
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4. SO:2 Interactions with Hydrothermally Treated Pd-based
Catalysts: Influence of Exposed Number of Metal Sites on
SO2 Poisoning

4.1 Introduction

As vehicular emission standards become increasingly stringent, there is a growing
demand for the development of more active and stable aftertreatment oxidation catalysts.
Also known as ‘The 150 °C Challenge’, this US Department of Energy initiative aims for
new catalyst developments to achieve 90% conversion of emissions by 150 °C [53].
Current aftertreatment oxidation catalysts in diesel engines are responsible for the
conversion of unburned hydrocarbons, CO and NOx emissions found in the exhaust [17],
[181]. These catalysts are composed of (ideally) small nanoparticles of precious metals
(Pt, Pd) supported on Al203 with the incorporation of various additives for oxygen storage
and thermal stability.

However, for new formulations of oxidation catalysts to be considered for further
development and vehicular implementation, they must meet emission control standards
set by the US Environmental Protection Agency over a useful life of 150,000 miles or 15
years whichever occurs first [8]. To assess the durability and activity over their operational
lifetime in a laboratory setting, new formulations of oxidation catalysts must be exposed
to high temperatures (> 700 °C) in the presence of high levels of H20 (5%), CO2 (5%)
and O2 (10%) [182], [183]. Studying the aged state of the catalyst is crucial for
development, as sintering or thermal deactivation is a main cause of loss of catalytic
activity. The agglomeration of the active and support materials of the catalyst occurs at
high temperatures (> 500 °C) and is accelerated by the presence of water vapor [38],

[184]-[186]. The two main sintering mechanisms are Ostwald ripening and particle
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migration. Ostwald ripening involves the growth of large particles through the transport of
mobile species from small particles. In particle migration, nanoparticles coalesce when in
proximity to each other. While the precious metal and support used do influence sintering
rates, the precious metal particle size [187], gas composition [188]-[190] and temperature
have the most significant impact on the sintering rates. Generally, the first phase of the
sintering process is the growth of larger particles at the expense of the smallest particles
through Ostwald ripening. As particles increase in size, they tend to coalesce when in
proximity, but the sintering rate slows down due to the increased interparticle distance.
In addition to studying the effects of deactivation caused by exposure to high
temperatures, it is crucial to investigate the sulfur resistance of new oxidation catalyst
formulations. Small quantities of sulfur found in both the fuel and lubricating oils causes
chemical deactivation of these catalysts due to the strong adsorption of sulfur on the
active and support components [54], [91], [168], [169]. Due to the detrimental effect of
sulfur on catalyst performance and its contribution to air pollution, the US Environmental
Protection Agency has limited the sulfur content in diesel fuel to a maximum of 15 ppm
[8]. While various sulfur species may be present in the exhaust, the main form of sulfur
derived from fuel is sulfur dioxide (SOz2). In the presence of oxygen and water, SO2 can
be further oxidized to SO3 and H2SO4 on the oxidation catalyst [49], [50]. These undesired
products could induce irreversible changes to the structure of the catalyst and potentially
affect the performance of subsequent downstream aftertreatment catalysts [191].
Exposure to SOz leads to the formation of different sulfur species on the catalyst surface,
which depends on the catalyst composition (precious metal and support used) [89], [90],

[94], [100], [101], [192]. In most cases, these sulfur species accumulate on the surface
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and inhibit oxidation reaction pathways from occurring at the active site and/or metal-
support interface [91], [95]. Furthermore, sulfur speciation on the catalyst surface is
influenced by reaction conditions [94], [97], [115] and precious metal particle size [99],
[101]. According to Wilburn et al., the exposed number of metal sites on Pt- and Pd-
based catalysts supported on y-Al203 significantly impacts the amount of SOz adsorbed
and desorbed during temperature programmed desorption (TPD) experiments, as well as
the nature of sulfur species formed on the catalyst surface when exposed to SOo.
Typically, catalysts with a high number of exposed metal sites form a greater amount of
high temperature sulfur species (i.e., surface and bulk Al2(SOa)3), while catalysts with a
low number of exposed metal sites form a greater amount of low temperature sulfur
species (i.e., molecular SO2 and Al2(SO3)). Plus, the amount of SO2 adsorbed and
desorbed during the TPD ramp decreased with decreasing number of exposed metal sites
[99]. In the case of CeO2-based catalysts, sulfur poisoning primary leads to the loss of
oxygen storage capacity (Ce** <> Ce3* interconversion) [26], [95], [117]. This occurs due
to reaction between CeO2 and SOz to form stable sulfate (Ce2(S0a4)3) species that block
oxygen transfer [193]. However, to the best of our knowledge, there is a lack of
comparable studies exploring the impact of the number of exposed metal sites on sulfur
speciation for CeO2-based catalysts, unlike the extensive research conducted on
alumina-supported catalysts.

In both thermal and chemical deactivation, the extent of deactivation is influenced
by the precious metal particle size. In this study, to avoid particle size heterogeneity, we
synthesized uniform Pd nanoparticles with two particle sizes (3.4 nm and 13.1 nm) and

deposited them onto supports relevant to aftertreatment applications, Al203 and CeO:a.
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We then further investigated the effects of exposed number of metal sites and the
influence of aging protocols (hydrothermal vs. thermal) on sulfur adsorption and release
during temperature programmed desorption studies. The gas composition of aging
protocols (hydrothermal vs. thermal) and exposed number of metal sites do influence
sulfur speciation for both Al2Os-supported catalysts. In the case of CeO2-supported
catalysts, exposed number of metal sites does not lead to changes in sulfur speciation.
CO pulse injection measurements evaluate the changes in exposed number of metal sites
that occurred during aging and show that catalysts with a large number of exposed metal
sites are more susceptible to sintering compared to catalysts with a low number of
exposed metal sites. Even though aging does affect CO oxidation activity for catalysts
with a larger number of exposed metal sites, they exhibit higher resistance to sulfur
poisoning. Conversely, the catalysts with a smaller number of exposed metal sites

experience the opposite effect.

4.2 Experimental Methods

Note: The synthesis of unsupported Pd nanoparticles and supported catalysts and TEM

characterization was performed by Dr. Grayson Johnson.

4.2.1 Materials
Palladium (Il) acetylacetonate (Pd(acac)z2, 99% technical grade), 1-octadecene (1-ODE,
90% technical grade), trioctylphosphine (TOP, 90% technical grade and 97% technical
grade), 1-oleylamine (OAm, 70% technical grade), oleic acid (OAc, 90% technical grade),
1-tetradecene (TDE, 97% technical grade), 1-dodecene (DDE, 95% technical grade), the
Al203 support (pore size 58 A, ~ 150 mesh) and the CeO2 support (nanopowder, < 25 nm

particle size) were purchased from Sigma-Aldrich. Isopropanol (IPA, ACS Grade),
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toluene (Certified ACS), tetrahydrofuran (ACS Reagent, 99.0%) and hexanes (Certified

ACS) were purchased from Fisher Chemical.

4.2.2 Synthesis of Small Pd Nanoparticles
The synthesis was based on J. Willis et al. [194] A mix of 0.5 mmol Pd(acac)2 in 11 mL
DDE, 9 mL TDE, and 5 mL OAm was degassed under vacuum for 15 minutes at room
temperature. Then, the atmosphere was switched to Ar and 1.25 mL TOP (90% technical
grade) was injected. This solution was returned to vacuum and heated to 50 °C for 30
minutes. A clear, pale yellow solution was obtained. Next, the atmosphere was returned
to Ar, and the temperature was rapidly increased to 230 °C (rate of 20°C/min achieved)
at which the reaction proceeded for 15 minutes. Compressed air was used to cool the
reaction vessel to 170 °C and was followed by submerging the vessel in a water bath.
Excess IPA was used to precipitate the nanoparticles out of solution, and this product was
centrifuged at 6000 RPM for 10 minutes. The pelleted nanoparticles were redispersed in
10 mL of hexane with 50 pyL of OAm added to improve particle stability. The

precipitation/redispersion procedure was repeated for a total of three washes.

4.2.3 Synthesis of Large Pd Nanoparticles
This synthesis was based on L. Wu et al. [195] The mixture of 0.25 mmol Pd(acac)z2in 4.5
mL 1-ODE was stirred under Ar for 15 minutes. Next, 0.56 mL of TOP (97% technical
grade) and 5 mL of OAc were injected into this mixture. The temperature was raised to
60°C under continuous Ar flow for an hour to further degas the solvent and a clear, pale
yellow solution was obtained. The reaction temperature was then raised to 280 °C at a
rate of 15 °C/min. The reaction proceeded for 30 minutes before cooling naturally to room

temperature. An identical washing procedure was used as that for the small particles.
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Initial TEM images showed a few smaller particles mixed with the larger ones, so a size
selective procedure was used to improve the product quality. This was achieved by adding
just enough IPA to see the solution turn turbid and centrifuging at 6000 RPM for 5 minutes.
The slightly colored liquid phase containing the smallest particles that failed to precipitate
was discarded and the pellet was redispersed in hexanes with a drop of OAm. The size

selection procedure was performed twice.

4.2.4 Preparation of Supported Catalysts
The preparation of the supported catalysts on Al2O3 (calcined at 900 °C for 24 h prior to
use) and CeO:z2 followed the procedure described in Cargnello et. al. [196] One gram of
the support was added to 50 mL of toluene, and the remaining dispersion was sonicated
for 5 minutes. A solution of the Pd NPs (with a volume that corresponds to 0.5 wt%) was
prepared by diluting the NPs in 10 mL tetrahydrofuran. This solution was quickly added
to the solution containing the support and was rapidly stirred for 5 minutes. The support
became dark, and the remaining solution was colorless. The powder was recovered by
centrifugation at 6000 RPM for 5 minutes, washed once with tetrahydrofuran, and
recovered by centrifugation at 6000 RPM for 5 minutes. The remaining powder was then
dried in a Thermo Scientific Linberg/Blue M Moldatherm Box furnace at 110 °C for 24 hrs.
To remove any remaining organic ligands, the sample was thermally treated at 700 °C for

30 seconds.

4.2.5 Material Characterization
Transmission electron microscopy (TEM) images were collected on a FEI Titan and
operated at 300 kV. Particle size distribution of the unsupported Pd nanoparticles (n= 45

particles) was performed using ImagedJ. Powder X-ray diffraction (XRD) profiles of the
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supported catalysts were collected on Empyrean Multipurpose X-Ray Diffractometer with

Cu Ka radiation (A = 1.54 A).

4.2.6 Catalytic Activity Measurements
For the CO oxidation activity and sulfur poisoning experiments, 15 mg of catalyst powder
were diluted with 150 mg of cordierite, and a total flowrate of 300 sccm were used. The
active material and diluent were sieved to achieve a mesh size range of 250-420 um. The
mixture of the active material and diluent was placed in a quartz tube and secured with
quartz wool at each end. The sample was then installed inside a Thermo Scientific
Lindberg/Blue tube furnace as part of a powder flow reactor system. Bronkhorst and MKS
mass flow controllers were used to control feed gas flowrates. Type K thermocouples
were placed at the catalyst inlet and outlet positions to measure temperature, and the
inlet temperature was used to plot the results. The gas mixtures used in this study were
formulated using gas cylinders purchased by Linde. Outlet gas concentrations were
monitored using a MKS MultiGas 2030 FTIR Spectrometer gas analyzer and data was
acquired at 1 Hz. To minimize sulfur deposition along reactor lines, stainless steel lines
treated with sulfinert coating were purchased from Swagelok. Before all experiments, all
samples were pretreated in 10% Oz in N2 at 300 °C for 45 minutes. Hydrothermally aged
catalysts were prepared from the fresh catalysts by exposing them to 10% H20 in N2 at
700 °C for 25 hours, while thermally aged catalysts were exposed to N2 at 700 °C for 25

hours.

CO Oxidation Activity Measurements
After cooling the sample to 100 °C under pretreatment conditions, the CO oxidation

activity measurement was performed using a temperature programmed reaction protocol
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with a temperature ramp of 5 °C/min and a gas composition of 5000 ppm of CO and 10%

O2in a N2 balance.

Sulfur Poisoning

To assess the effects of SO2 exposure on the CO oxidation activity of the fresh,
hydrothermally aged, and thermally aged samples, the samples were exposed to 30 ppm
of SO2 and 10% O2 in a N2 balance at 100 °C after pretreating and cooling the sample
under pretreatment conditions. Once the SOz outlet concentration recorded on the FTIR
reached the inlet composition, a N2 purge was introduced to remove any weakly adsorbed
sulfur species from the catalyst surface. Once the SOz outlet concentration reached near

zero, the CO oxidation activity measurement was again performed.

Temperature Programmed Desorption

To assess what type of sulfur species formed on the catalyst surface, once the sample
was exposed to SO2 at 100 °C as the sulfur poisoning protocol mentioned above, a
temperature programmed desorption ramp in N2 was performed at a rate of 10 °C/min to

900 °C followed by an isothermal hold at 900 °C for 15 minutes.

CO Pulse Injection Measurements

Note: CO pulse injection measurements were performed by Dr. Zhuoran Gan.

For the CO pulse injection measurements, 50 mg of catalyst sample (mesh size range of
250-420 pm) was first treated with 10% Oz in Ar balance with a flowrate of 100 sccm at
100 °C for 5 minutes; then it was heated to 400 °C under 5% Hz in an Ar balance with a
flowrate of 50 sccm for 30 minutes. After the reducing pretreatment, the sample was
purged with 50 sccm Ar for another 30 minutes and then cooled under these conditions

to 35 °C. At this temperature, doses of CO were injected into the reactor using a VICI
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four-way valve controlled by NI LabVIEW software. The valve was periodically switched
between a feed of 20 sccm of 0.5% CO in Ar balance for 5 seconds and 20 sccm Ar for
20 seconds. The reactor outlet concentrations, represented as monitored masses (18 for
H20, 28 for CO, 36 for Ar, and 44 for CO2), were recorded using a Hiden HPR-20 Mass
Spectrometer. No formation of CO2 or H20 was observed during the CO pulses. The
sample was saturated once the concentration of the CO peaks was unchanged with
additional pulses. To calculate the CO uptake, the peak area difference was used
between the saturated peaks and the unsaturated peaks. All CO pulse measurements
were performed three times on each sample to check repeatability. The particle size for
spherical-shaped nanoparticles was calculated using Eq. 4.1, where prqdis the density of

Pd and active metal surface area (SA) was calculated from CO uptake.

6
dparticle = Dpg * SA (4.1)

4.3 Results and Discussion

4.3.1 Characterization of colloidal nanoparticle catalysts
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Figure 4-1 Ex situ TEM images of the (A, B) colloidal Pd nanoparticles and (C, D)
nanoparticles supported on Al203z, and (E, F) nanopatrticles supported on CeO2. (G, H)
Particle size distribution of the unsupported Pd nanoparticles (n = 45 particles). (I) XRD
profiles for fresh Pd/Al2O3 Small (dark blue) and Pd/Al2Os Large (orange). (J) XRD
profiles for fresh Pd/CeO2 Small (dark blue) and Pd/CeO2 Large (orange).

Uniform Pd nanoparticles of two sizes (3.4 nm and 13.1 nm) were synthesized
following the literature protocols described above. Ex situ transmission electron
microscopy images were collected to verify the size selectivity of the nanoparticles and
are shown in Figure 4-1A, B. Based on the particle size distribution shown in Figure 4-
1G, H, the average particle size of the small unsupported Pd nanoparticles is 3.4 nm with

a standard deviation of 0.2 nm. The average particle size of the large unsupported Pd
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nanoparticles is 13.1 nm with a standard deviation of 0.9 nm. Once the shape and size
selectivity had been confirmed, the nanoparticles were then deposited onto the y-Al203
and CeO:2 supports with a weight loading of 0.5%. Henceforth, we designated the samples
as Pd/support Small and Pd/support Large, aligning with the respective particle sizes of
3.4 nmand 13.1 nm. TEM images were collected after the addition of the y-Al203 support
and after the removal of the organic linkers at 700 °C for 30 seconds (Figure 4-1C, D)
and the size and shape selectivity remained intact after these procedures. Figure 4-11
shows the XRD profiles of the fresh Pd/Al2Os Small and Pd/Al2Os Large samples. Only
the diffraction patterns of the y-Al2O3 support can be observed, while minimal to no
detection of metallic Pd or PdO can be detected due to the low Pd weight loading. TEM
images were collected after the addition of the CeO2 support and after the removal of the
organic linkers at 700 °C for 30 seconds (Figure 4-1E, F); however, it is difficult to detect
the presence of Pd nanoparticles on the support. Figure 4-1J shows the XRD profiles of
the fresh Pd/CeO2 Small and Pd/CeO2 Large samples. Only the diffraction patterns of the
CeO:2 support can be observed. Similar to the Pd/Al203 results, minimal to no detection
for PO or metallic Pd was observed. The use of catalysts with uniform particle size will

eliminate the effects of particle heterogeneity on sulfur speciation.
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4.3.2 Pd/AI203 TPD after SO2 Exposure
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Figure 4-2 SO2 desorption profiles for fresh (green), hydrothermally-aged (blue) and
thermally-aged (red) (A) Pd/Al203 Small and (B) Pd/Al2Os Large during the TPD ramp
in N2 at 10 °C/min. Hydrothermally aged catalysts were prepared from the fresh

catalysts by exposing them to 10% H20 in N2 at 700 °C for 25 hours, while thermally
aged catalysts were exposed to N2 at 700 °C for 25 hours.

Initial precious metal particle size dictates the extent of deactivation caused by
both sintering and sulfur poisoning [99], [187]. To assess the changes in what type of
sulfur species are formed after exposure to common aging protocols, temperature
programmed desorption studies after SO2 exposure at 100 °C were performed over the
fresh and aged Pd/Al203 Small and Large samples and are shown in Figure 4-2. For the
fresh and aged Pd/Al203 Small sample, two SOz desorption regions were observed during
the temperature ramp. The low temperature desorption peak (located between 100-400
°C) corresponds to molecular SO2 and SOz from the decomposition of Al2(SO3) species
from the catalyst surface, while the high temperature desorption peak (located between
500-900 °C) corresponds to SO2 from the decomposition of surface and bulk Al2(SOa4)3
species [99], [101]. However, after the exposure to aging conditions at 750 °C, the SOz

desorption profiles during the temperature ramp changed for the hydrothermally- and
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thermally-aged Pd/Al203 Small sample. A decrease in both the low temperature and high
temperature SOz desorption peaks was observed for both aged samples compared to the
fresh sample; however, there are minimal differences in the SOz desorption profiles
among the aged samples, suggesting that the inclusion of H20 did not influence sulfur
desorption. Additionally, a decrease in the amount of SOz adsorbed and desorbed for both
aged samples compared to the fresh sample was observed (see Table 4-1). The changes
in the SOz desorption profiles at high temperature and S mass balance of the aged
samples could be indicative of the agglomeration of Pd nanoparticles [99]. This is
consistent with the behavior of catalysts with a larger particle, which tends to release less

high temperature sulfur species and adsorb and therefore desorb less SOx.

Table 4-1 S mass balance for Pd/Al203 Small

SO2Adsorbed SO2Desorbed % Desorbed
(umol) (umol)
Fresh 2.5 2.7 108
Hydrothermally- 16 11 69
Aged
Thermally-Aged 1.3 1.0 80
v-Al203 Support 2.5 2.0 79

In the case of the Pd/Al203 Large sample as shown in Figure 4-2B, the SO:2
desorption profiles for both the fresh and aged samples again feature two desorption
regions: the low temperature desorption peak (located between 100-400 °C) corresponds
to molecular SOz and SO:2 from the decomposition of Al2(SOs3) species from the catalyst
surface, while the high temperature desorption peak (located between 500-900 °C)
corresponds to SO2 from the decomposition of surface and bulk Al2(SOa)s species. After

exposure to aging protocols at 750 °C, a decrease in the amount of SO2 desorbed from
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high temperature region is observed for both hydrothermally- and thermally-aged
samples. Similar to the findings with Pd/Al203 Small, there are minimal differences among
the aged samples, suggesting that the inclusion of H20 in the aging protocol did not
influence sulfur desorption. Similar S mass balances for the fresh and aged samples are
shown in Table 4-2. The minimal changes in SOz desorption profiles and S mass balance
indicate that the number of exposed metal sites of these samples did not significantly
change which is consistent with Pd catalysts with a larger particle size having slower
sintering rates compared to Pd catalysts with a smaller particle size and therefore less

likely to have changed much in particle size [187].

Table 4-2 S mass balance for Pd/Al203 Large

SO2Adsorbed SO2Desorbed % Desorbed
(umol) (umol)
Fresh 2.0 1.8 88
Hydrothermally- 18 15 79
Aged
Thermally- Aged 1.6 1.2 75

Even though there are minimal changes in the SO2 desorption profiles among the
aged samples of each particle size, exposure to hydrothermal aging conditions led to a
decrease in the SO2 desorption profiles in the low temperature region for the Pd/Al203
Small compared to Pd/Al203 Large sample. The SO2 desorption in the high temperature
region remained unchanged after hydrothermal aging for both samples. The formation of
low temperature sulfur species (i.e., molecular SO2 and Al2(SO3)) could potentially be
influenced by the gas composition of the aging protocol, while the aging temperature has
more influence on the formation of high temperatures sulfur species (i.e., surface and

bulk Al2(SOa4)3).
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Figure 4-3 SOz desorption profile of the y-Al2O3 support during the TPD ramp in N2 at
10 °C/min.

Sulfur desorption profile of the y-Al203 support during the temperature ramp is
shown in Figure 4-3 after exposure to SOz at 100 °C. The SO2 desorption profile again
features two desorption peaks: the low temperature peak located at 200 °C corresponds
to molecular SO2 and SO2 from the decomposition of Al2(SO3) species from the catalyst
surface, while the high temperature desorption peak located at 575 °C corresponds to
SOz from the decomposition of surface and bulk Al2(SOa4)s species. Considering that the
high temperature desorption peak of the y-Al203 support occurs at a lower temperature,
these findings suggest that the number of exposed Pd metal sites impacts the formation

and stability of high temperature sulfur species.
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4.3.3 Pd/CeO2 TPD after SO2 Exposure
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Figure 4-4 SO:2 desorption profiles for fresh Pd/CeO2 Small (black), Pd/CeO: Large
(orange) and CeO:2 support (purple) during the TPD ramp in N2 at 10 °C/min.

While ample literature addresses the impact of number of exposed metal sites on
sulfur speciation on Al203 supported catalysts, we extended these insights to catalysts
supported on CeOz2. Figure 4-4 shows the SO2desorption profiles for fresh Pd/CeO2 Small
and Pd/CeO: Large during the temperature ramp. Unlike catalysts supported on Al20s,
minimal changes in the SO2 desorption profiles are observed with the CeO2-supported
samples. Figure 4-4 shows the SO2desorption profiles for the CeO2 support used in these
catalysts, and its desorption profile is similar to the ones for the supported catalysts. Sulfur
mass balances for both the supported catalysts and the CeO2 support can be found on
Table 4-3, and the amount of SO2 adsorbed and desorbed for these samples are nearly
identical. The resemblances in SO2 desorption and sulfur mass balances suggest that,
for CeO2-supported catalysts, neither the number of exposed metal sites nor the addition

of Pd impacts sulfur speciation on the catalyst surface.
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Table 4-3 S mass balance for CeO2-supported catalysts

SO2 Adsorbed
(umol)

SO2 Desorbed
(umol)

% Desorbed

Pd/CeO2Small

2.1

2.1

100

Pd/CeO: Large

2.3

2.3

100

CeO2 Support

2.5

2.3
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4.3.4 CO pulse injection characterization
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Figure 4-5 Average CO uptake of the fresh, hydrothermal, and thermal aged (A)
Pd/Al203 Small and (B) Pd/Al2O3 Large samples.

To assess the changes in particle size after the aging protocols, CO pulse injection
measurements were performed on the fresh and aged samples. In this protocol, the
sample is dosed with a known CO volume until saturation. These measurements were
performed three times over the sample to check reproducibility. We used Eq. 4.1 to
calculate the particle size for spherical particles using the CO uptake from these
measurements. Figure 4-5A shows the CO uptake for the fresh and aged Pd/Al203 Small
samples. The average CO uptake (and particle size) of the fresh, hydrothermally, and

thermally aged Pd/Al203 Small samples was 7.1 (7.4 nm), 2.8 (19 nm), and 3.8 (14 nm)
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umol/gcat respectively. The lower CO uptake on the aged samples suggests that Pd
particle size increased after exposure to 750 °C aging protocols and it was confirmed with
particle size calculations. The inclusion of H20 during the aging protocol results in a lower
average CO uptake compared to the average CO uptake of the thermally aged sample.
These CO uptake results on the fresh and aged Pd/Al203 Small samples confirm the
changes in particle size that led to differences in the S mass balance and SOz desorption
profiles during the temperature ramp. With particle size increasing during the aging
protocol, the interfacial area between the precious metal and the support decreases,
resulting in less adsorption and spillover of SO2 onto the support.

As shown in Figure 4-5B, the average CO uptake (and particle size) of the fresh,
hydrothermally, and thermally aged the Pd/Al2O3 Large samples was 1.9 (28 nm), 2.6 (20
nm), and 3.3 (16 nm) pumol/geat, respectively. The increase in CO uptake suggests that
the particle size decreased after the application of aging protocols at 750 °C, which could
indicate Pd redispersion. The extent of redispersion that occurred during the aging
protocol is similar for both aged catalysts based on the particle size and sulfur desorption

profiles during the temperature ramp.
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4.3.5 CO oxidation baseline activity
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Figure 4-6 CO conversion profiles for fresh (green), hydrothermal aged (blue) and
thermal aged (red) (A) Pd/Al203 Small and (B) Pd/Al2O3 Large samples.

Now that the sulfur speciation and particle size of the catalysts after exposure to
750 °C have been evaluated, we wanted to investigate how these aging protocols may
affect catalytic activity of these samples after sulfur exposure. The CO oxidation activity
was first investigated for the fresh and aged Pd/Al203 samples as shown in Figure 6. CO
oxidation was chosen due to its significance in DOC applications and its inhibitory effect
on other DOC reactions. In Figure 4-6A, the CO conversion profiles are depicted for the
fresh, hydrothermally, and thermally aged Pd/Al2O3 Small samples. The temperatures at
50% conversion (Tso) of these samples are 206 °C, 211 °C, and 218 °C, respectively.
Literature results suggest that catalysts with a larger Pd particle size exhibit higher CO
light-off temperatures [40], and these changes in Tso confirm particle size changes, albeit
not to a significant extent since the Tso values are close to each other. However, based
on the CO pulse injection results, the thermally-aged sample showed a greater CO uptake

compared to the hydrothermally-aged sample. According to Bergeld et al. [197] and Gong
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et al. [198] , the presence of water could promote CO oxidation due to the reaction
between CO and surface hydroxyl species. In this case, we speculate that in the
hydrothermally aged samples, the onset temperature for CO conversion being lower than
in the thermally aged sample could be attributed to the hydroxyl-assisted CO oxidation
from residual hydroxyl formed during the exposure to hydrothermal aging conditions
[199].

Figure 4-6B shows the CO conversion profiles for the fresh, hydrothermally-, and
thermally-aged Pd/Al203 Large samples. The temperature at 50% conversion (Tso0) of the
fresh, hydrothermally-, and thermally-aged samples is 228°C, 211 °C, and 219 °C,
respectively. Based on the CO pulse injection results, the aging protocols led to an
increase in CO uptake on the aged samples compared to the fresh sample, consistent
with the lower Tso values for the aged samples. Similar to the results for Pd/Al203 Small
sample, the CO uptake for the thermally-aged sample is higher than for the
hydrothermally-aged samples, despite the CO conversion profile for the hydrothermally-
aged sample being lower than for the thermal aged sample. Again, we speculate that
reaction between CO and residual hydroxyl formed during the hydrothermal aging
process could also be responsible for the lower CO conversion profile.

Typically, kinetic measurements, such as turnover frequency and activation
energy, are performed under steady state conditions. However, to compare these kinetic
measurements with literature values, the activation energy of the hydrothermally-aged
samples for both particle sizes was calculated from the temperature ramps found in
Figure 4-6. The estimated activation energies for the hydrothermally-aged Pd/Al203 Small

and Pd/Al203 Large samples are 268 kJ/mol and 200 kJ/mol, respectively. According to
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the literature reports, the activation energy for CO oxidation on Pd catalysts supported on
Al20s is in the range of 50-130 kJd/mol [200]. Since the estimated values are out of range
from the values found in the literature, the disagreement of these values could be due to

the calculation of these values from transient data.

4.3.6 Effects of Aging on Sulfur Exposure

(A) Pd/ALO, Small (B) Pd/ALLO, Large
100{—Fresh 1001 Fresh
— SO, Exposed — SO, Exposed
80 4 SO, 80 SO,
S S
c 60 [ 604
o k=l
& &2
() [
Z 40+ Z 40
o o
O] ]
o | O |
o 20 o 20
0 0+
T T T T T T T T
150 200 250 300 150 200 250 300
Temperature (°C) Temperature (°C)

Figure 4-7 CO conversion profiles for fresh (green) and SOz exposed (red) (A) Pd/Al203
Small and (B) Pd/Al2Os Large hydrothermally aged samples, and the SO2 desorption
profiles (orange) during the CO oxidation temperature ramp after SO2 exposure.

To summarize our findings so far, the gas composition of the aging protocol
influences sulfur speciation based on the SO2 TPD results and the particle size changes
after aging were probed using CO pulse injection. Next, the impact of sulfur exposure on
the CO oxidation activity Pd/Al203 Small and Large hydrothermally-aged samples was
explored. Figure 4-7 shows the CO conversion profiles before and after SO2 exposure at
100 °C of the Pd/AI203 Small and Large hydrothermally-aged samples, and the SO:2
desorption profiles during the SO2-exposed CO oxidation temperature ramp. For the
hydrothermally-aged Pd/Al203 Small sample, exposure to SO2 shifts the CO conversion

profile to higher temperatures based on the Tso values (fresh — 211 °C vs. SO2 exposed
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— 226 °C). However, exposure to SOz did result in complete conversion of CO during the
temperature ramp unlike the fresh sample. Looking at the SOz desorption profile during
the temperature ramp, as temperature increased, SO2 desorption from low temperature
sulfur species (i.e., molecular SO2 and Al2(SOs3)) increased as well. As CO conversion
reached completion, the SO2 concentration sharply decreased. For the hydrothermally
aged Pd/Al203 Large sample, exposure to SOz shifts the CO conversion profile to higher
temperatures based on the Tso values (fresh — 211 °C vs. SO2 exposed — 229 °C).
However, in this case, exposure to SOz did not result in the complete conversion of CO
during the temperature ramp. We speculate that the decomposition of desorption of sulfur
species could potentially affect high temperature oxidation activity. Sulfur desorption from
low temperature sulfur species also occurred during the experiment; however, in contrast
to the SO2 desorption from the hydrothermally aged Pd/Al2O3z Small sample, SO:2
desorption gradually decreased as the CO conversion at high temperature slowed too.
Based on the SOz TPD profiles from Figure 4-2, we observe a less formation of low
temperature sulfur species on the hydrothermally aged Pd/Al2O3 Small sample compared
to hydrothermally aged Pd/Al20s Large sample. We speculate that these species can be
easily decomposed, resulting in reduced sulfur inhibition based on the full conversion of

CO as shown in Figure 4-7A.

4.4 Conclusions

In this study, we synthesized uniform Pd nanoparticles with two particle sizes (3.4 nm
and 13.1 nm) and deposited them onto supports relevant to aftertreatment applications,
Al203 and CeOz2. The gas composition of the aging protocols (hydrothermal vs. thermal)

and number of exposed metal sites influence sulfur speciation for both Al2Os-supported
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catalysts. In the case of CeO2-supported catalysts, number of exposed metal sites does
not lead to changes in sulfur speciation. CO pulse injection measurements were used to
evaluate the changes in particle size that occurred during aging and show that catalysts
with a smaller particle size are more susceptible to sintering compared to catalysts with
a larger particle size. Even though aging does affect CO oxidation activity for catalysts
with a smaller particle size, they exhibit higher resistance to sulfur poisoning. Conversely,

a catalyst with a larger particle size experiences the opposite effect.
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5. Conclusions and Future Directions

Evaluating the sulfur resistance of new oxidation catalyst formulations and
understanding their regeneration remain crucial for aftertreatment implementation due to
the persistent presence of sulfur in fuels and lubricant oils. This dissertation addressed
the effects of sulfur poisoning on new formulations of oxidation catalysts (Chapter 2 and
3), enhanced regeneration strategies to recover catalytic activity (Chapter 2), and further
investigated the particle size effects on sulfur speciation after aftertreatment catalyst

aging protocols (Chapter 4).

To summarize this work, we focus entirely on the effects of sulfur poisoning and
regeneration on the performance of oxidation catalysts — a crucial metric for
aftertreatment implementation. Yet, this provides a partial answer, overlooking the
interactions between SO2 and the catalyst surface. The use of in situ/operando
characterization can help fill in the blanks in how sulfur causes deactivation and how
regeneration occurs, especially under transient conditions. In Chapter 2, we assessed the
sulfur poisoning and regeneration of a bilayer PGM + Mno.sFe2504 spinel catalyst; while
we were able to regenerate catalytic activity after the application of various regeneration
methods, remaining questions linger regarding the sulfur speciation on the spinel material
and structural changes due to sulfur poisoning, demanding further investigation. Chapter
3 introduced an avenue of increasing sulfur resistance by adding small substitutions of
Cu to Pd-based diesel oxidation catalysts. In this study, only one regeneration strategy
was employed, and even though future studies could explore different regeneration
protocols, remaining questions regarding how Cu can potentially affect PdSOa4

decomposition and the remaining product (i.e., PdxS) still need to be addressed. Chapter
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4 investigated the effects of particle size on sulfur speciation after common ageing
protocols. Here, the use of in situ studies could give us more supporting evidence

regarding sulfur speciation.

However, the biggest challenge in sulfur research — and the reason why we heavily
relied on performance tests — is the potential equipment damage due to sulfur exposure.
The work that has been presented in this dissertation was performed in a reactor modified
with sulfur-resistant coatings, which allow us to accurately quantify and obtain S mass

balances.
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7. Appendix A — Supporting Information for Chapter 2
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Schematic 8-1 — Regeneration protocol for CH4 oxidation recovery on PGM + Spinel

monolith samples

Table 7-1 Catalyst Composition

Monolith Catalyst

PGM Loading (g/ft®)

Spinel Loading (g/ft®)

PGM Only

30 (19:1 Pd:PY)

0

PGM + spinel

30 (19:1 Pd:PY)

2832 (25% spinel/75wt%
Al203)
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Figure 7-1 CHa4, NOx, and CO conversion over the PGM + spinel sample under simulated
exhaust feed with no modulation (solid lines) and periodic modulation (dashed lines) as
a function of temperature.
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Figure 7-5 (A) CH4 conversion and (B) SOz profile during Oz regeneration (10% O2 in N2)
steps at 650 and 700 °C on PGM + spinel monolith sample. After SO2 exposure at 100
°C, the CHa4 oxidation recovery was assessed using Schematic 8-1.
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°C, the CH4 oxidation recovery was assessed using Schematic 8-1.
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and 5500 ppm at 0.25 Hz at 650 and 700 °C on PGM + spinel monolith sample. After
SO2 exposure at 100 °C, the CHas oxidation recovery was assessed using Schematic
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After SO2 exposure at 100 °C, the CHas oxidation recovery was assessed using
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8. Appendix B — Supporting Information for Chapter 3

Table 8-1 Feed (bottle) reagent composition, subsequent reactor composition, and
reduction conditions during catalyst activity tests (TPOs).

Trial Feed Composition )
M1 02(%) | co(%) NO(ppm) H:0 (%) |Tolulene (%)

1 20 20 1000 | 100 0

2 20 20 1000 | 100 | 0

3 20 20 200 s0 | 50
4 2 20 | 200 | o0 0
Trial Reactor Composition Intermediate
M1 02(%) | co(%) NO(ppm) H:0(%) Tolulene (%)| Reduction
1 12 0.6 400 12 | o Yes
2 12 0.5 50 12 | 00 No
2 12 0.5 50 06 | 06 No
4 1.4 0.5 50 0 0 Yes

100

Run 1 (CO)
[ Run 2 (CO/NO)
80 [ Run3(CO)

S

=60

G

%

Q40

[ o=
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S 20
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Figure 8-1 CO conversion using 3:1PdCu/SiO2 Runs 1 and 3 are under CO oxidation
baseline conditions, 0.5% CO and 10% Oz in N2, while Run 2 includes 200 ppm NO
with the CO oxidation baseline conditions.
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Figure 8-2 3:1 PdCu/SiOz light off curves under Trial 4 conditions. Run 1 (green) contains
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Figure 8-3 Temperature at 50% conversion acquired for Pd/SiO2 (e) and 3:1 PdCu/SiOz2
(x) under Trial 1 conditions. Run 1 (green) and 3 (blue) contain only CO and O2. Run 2
(red) contains NO.
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contains NO.
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Figure 8-6 SO2 desorption profiles during temperature program desorption study under
N2 flow for control experiments: empty tube (red), cordierite (purple) and SiO2 (black).

Table 8-2 Sulfur mass balance for control experiments after SOz adsorption at 100 °C

SO2 Adsorbed SO2 Desorbed
Catalyst % Desorbed
(hmol) (pmol)
Empty Tube 0.1 0.1 100
Cordierite 0.1 0.2 > 100
SiO2 Support 0.1 0.2 > 100
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9. Appendix C — Additional Work for Slashing PGM in
Catalytic Converters: An Atoms-to-Autos Approach Project

Catalyst Information and Aging Conditions

All fresh and lean-rich aged powder and monolith catalysts were provided by
General Motors and the University of Central Florida. Lean-rich aging was performed
following aging guidelines found in Ref [182] and using a cycle period of 10 minutes.

Unless stated otherwise, the aging temperature of the protocol was performed at 950 °C.
Three-way Catalyst Performance

To assess the TWC performance of the newly synthesized samples, we performed
light-off experiments following the Low-Temperature Three-Way Catalyst Test Protocol
[182]. All experiments used a total flow rate of 500 sccm and gas hourly space velocity of
200 L/g-hr. Powder catalysts were pretreated at 600°C for 20 minutes in the simulated
exhaust shown in Table 9-1. Catalysts were then cooled in N2 to 100°C. A simulated
exhaust gas mixture at A=0.995 was introduced at 100°C and a temperature ramp to

550°C was performed at 5°C/min.

Table 9-1 Concentrations of the simulated gas mixture, with a A = 0.995

[C3He] [C3Hs] [CO] [H2] [NO] [O2] [CO2] [H20]
666 ppm | 333 ppm | 5000 1700 1000 6400 13% 13%
ppm ppm ppm ppm
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0.8 wt% Pd/20%Ceo0.5Zro0.5/10%CeO2/Al203

F Lean-rich Aged

c c
Q o
£ £
[«3)] (<5}
é —CH é
@] 36 ]
O C.H, O
—— NOx
co ]
100 200 300 400 500 100 200 300 400 500
Temperature (°C) Temperature (°C)

Figure 9-1 CO, NOx, CsHes and CsHs conversion profiles over fresh and lean/rich aged
(A)-(B) 0.8 wt% Pd/Al20s3, (C)-(D) 0.8 wt% Pd/20%Ceo.9Pro.1/10%Ce02/Al203, and (E)-
(F) 0.8 wt% Pd/20%Ceo.5Zr0.5/10%CeO2/Al20:s.
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Table 9-2 Temperatures at 50% and 90% conversion on the samples tested.

0.8
0.8 0.8 Pd/20%Ceo.5
Pd/20%Ceg P 4/20%Ceos 08 Zro.sl
Pd 0.8 Pd/ALOs 0.8 Pd/Al203 Bros/1 6’0/ 6’-9 Pro.1/10%Ce |[Pd/20%Ceo.s 10%Ce0s/
Conversion Pd Aged | Lean-Rich |Fro1/107%Le | 5 A1,0; |Zros/10%Ce ol-eL2
Degreened Fresh 2/A2U3
Aged OZIA|203 ] 02/A|203 A|203
Fresh Lean-Rich Fresh
Aged Lean-Rich
Aged
50 161 231 214 251 164 243 203 244
co
90 223 319 250 334 229 319 237 323
50 229 368 306 369 295 353 292 357
NOx
90 328 378 307 385 297 360 294 362
50 225 307 245 382 236 310 238 314
CsHs
90 238 318 254 425 242 320 244 323
50 327 369 306 322 296 360 293 363
CsHs
90 331 381 308 335 297 405 295 398
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X-ray diffraction

Powder X-ray diffraction (XRD) was performed to assess the crystallinity of the
fresh and lean-rich aged 0.8wt% Pd/Al203 and 0.8wt% Pd/20%Ceo.9Pro.1/10%CeO2/Al203
samples. XRD patterns were obtained on a PANalytical Empyrean X-ray Diffractometer

using Cu Ka radiation and scanned between 26 values of 15° and 80° under ambient

conditions.
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Figure 9-2— XRD profiles of fresh and lean/rich aged 0.8wt% Pd/Al20s3.
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Figure 9-3— XRD profiles of fresh and lean-rich aged 0.8wt%
Pd/20%Ceo.9Pro.1/10%CeO2/Al20s3.

Catalytic Activity Evaluation

To assess the effect of Pd loading of the lean-rich aged 0.2wt%, 0.8wt%, and 1.2wt%
Pd/20%Ceo.9Pro.1/10%Ce0O2/Al203 samples on TWC performance, we conducted steady-
state experiments using gas compositions in accordance with the Low-Temperature
Three-Way Catalyst Test Protocol [182]. Reaction rates were calculated by varying the
space velocity and catalyst weight (0.2wt% - 333 sccm and 100 mg, 0.8wt% - 600 sccm
and 150 mg, 1.2wt% - 600 sccm and 100 mg), and conversions were kept below 15%
such that rates were collected in the kinetic regime. Reaction rates were normalized by
the nominal amount of Pd in the catalyst. For all experiments, powder catalysts were

pretreated at 600°C for 20 minutes in the simulated exhaust described in Table 9-1.
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Catalysts were then cooled in N2, then the simulated exhaust gas mixture was introduced
above 100 °C. Kinetic measurements for CO and CsHs oxidation were taken by increasing

the temperature stepwise from 200°C to 325°C.

CO Oxidation C;H¢ Oxidation
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Figure 9-4 (A) CO oxidation rates and (B) CsHs oxidation rates for lean-rich aged 0.2
wt%, 0.8 wt%, and 1.2 wt% Pd/20%Ceo.9Pro.1/10%CeO2/Al203 samples under simulated
exhaust conditions.

Core Sample Catalytic Activity Evaluation

Powder TWC formulations were tested above, we have also tested monolith core
samples. Reference core samples (2wt% Pd/Al203) were also synthesized to compare
the TWC performance with the performance of the new TWC core samples. For the new
samples, two supports (Al203 and CeO2-modified Al203) were used. To assess the TWC
performance of these newly synthesized and lean-rich aged core samples, we performed
light-off experiments following the Low-Temperature Three-Way Catalyst Test Protocol
[182]. For all experiments, a total flow rate of 1 L/min and gas hourly space velocity of
60,000 hr' were used. Monolith core catalysts (catalyst loading 28 g/ft®) were pretreated
at 600°C for 20 minutes in the simulated exhaust shown in Table 9-1. Catalysts were then
cooled in N2 to 100°C. The simulated exhaust gas mixture was introduced at 100°C and

a temperature ramp to 550°C was performed at 5°C/min.
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Table 9-3 Summary of temperature at 50% and 90% conversions on the core samples

tested.
. 2wt% Pd/Al203 0.8wt%Pd/CePr/ 0.8wt%Pd/CePr/
Lean Rich Aged Lean Rich Aged
50 250 262 292
CO
90 369 393 436
50 399 414 465
NOx
90 419 462 530
50 354 370 287
CsHe
90 369 391 388
50 429 450 429
CsHs
90 464 512 -
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X-ray Diffraction

Powder X-ray diffraction (XRD) was performed to assess the crystallinity of the

fresh, 750 and 950°C lean-rich aged 0.8wt% Pd/ Ceo.9Pro.1/Ce203-Al203 samples. XRD

patterns were obtained on a PANalytical Empyrean X-ray Diffractometer using Cu Ka

radiation and scanned between 20 values of 15° and 80° under ambient conditions.

Crystalline size was calculated using Scherrer Equation.
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Figure 9-6 XRD patterns of the fresh, 750 and 950
0.8%Pd/Ceo.9Pro.1/Ce203-Al203 samples (left), and the crystalline size of the CeO2 using

the CeO2(111) peak (right).

°C

lean-rich aged
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Kinetic Experiments

Steady-state CO and CsHs oxidation in the presence of water were performed to
calculate the activation energies for these simpler conditions. The reactions were
performed on 0.8%Pd/Ceo.9Pro.1/Ce203-Al203 fresh, 750 and 950°C lean-rich aged
catalysts, to study the particle size effect. The amount of catalyst used and flowrate were
varied to compare the catalysts’ activities around the same temperature range. The
catalyst was diluted with cordierite to avoid heat transfer limitations. The Pd samples and
the diluent were pelletized and sieved to obtain 40-60 mesh (0.42-0.25 mm). Prior to the
steady-state experiments, the catalysts were pretreated in 5% H2 at 500°C for 30 minutes.
CO oxidation was performed using 5000 ppm CO, 2500 ppm O2 and 6% H20, while the
CsHs oxidation reaction mixture contained 750 ppm CsHs, 3375 ppm O2 and 6% H20. To
study the reaction within the kinetic regime, only conversions below 20% were
considered. The turnover frequencies (TOF) for CO and CsHe oxidation were calculated
by normalizing the reaction rates by the surface Pd moles calculated via total

chemisorption obtained after saturating the catalysts with CO2[201].
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Figure 9-7 CO oxidation conversion (left) and Arrhenius plots (right) on fresh, 750 and
950°C lean-rich aged 0.8%Pd/Ceo.9Pro.1/Ce203-Al203. CO = 5000 ppm, O2 = 2500 ppm,

H20 = 6%.
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Kinetic Experiments

Steady-state experiments were performed on the pelletized 0.8Pd-20Ce/10CA-T-
Aged and 0.8Pd-20CePr/10CA-T-Aged aged catalysts to calculate the activation energies
and reaction orders. The amount of catalyst used was 50 mg. The catalyst was diluted
with 150 mg of cordierite to avoid heat transfer limitations. Prior to steady-state
experiments, the catalysts were pretreated in 5% H2 at 600°C for 45 min. Table 9-4 shows

the gas conditions for each reaction tested.

Table 9-4 Reaction conditions for kinetic experiments

Reaction Gas Conditions
CsHs Oxidation 1000 ppm CsHs + 0.45% O2 + 10% H20
CsHs Steam Reforming 1000 ppm CsHs + 10% H20
Cs3Hs + NO + Oz Reaction | 1000 ppm CsHsg + 1000 ppm NO + 0.42% Oz + 10% H20
CO + NO Reaction 1000 ppm CO + 1000 ppm NO + 10% H20
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Figure 9-9 Conversion profile (left) and Arrhenius plot (right) for CsHs oxidation over
0.8Pd-20Ce/10CA-T-Aged and 0.8Pd-20CePr/10CA-T-Aged catalysts.
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Figure 9-10 Conversion profile (left) and Arrhenius plot (right) for CsHs steam reforming
over 0.8Pd-20Ce/10CA-T-Aged and 0.8Pd-20CePr/10CA-T-Aged catalysts.
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Figure 9-13 C3Hs, NO and Oz reaction orders for the CsHs + NO + O2 reaction over

In(rate)

-14

C;Hg
-16 + ‘.'.-:-f_]._"‘f_lz_’,i‘,,‘ 16.721
R2=0.869
............ P i ]
PP ¢ .
.
-18 !
NO [ PO
y = -0.5406x - 18.56
R? = 0.5459
-20 ,
B s 1 0.5 0
In(Poy)

In(rate)

-14

-16

-18

-20

C;H
y=0.2028x - 16.449
R? = 0.9199
Y JRRRRRTEL oY @
J—
[ ]
....................................... o ®
NO ®
y=-0.1752x - 18.267
RZ=0.2821
-1.5 -1 -0.5 0

In(Pgy)

0.5

0.8Pd-20Ce/10CA-T-Aged and 0.8Pd-20CePr/10CA-T-Aged catalysts. Samples were
pretreated in 5% H2 in N2 at 600 °C for 45 minutes. Reaction conditions: T = 455 °C,
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