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Abstract

NOx reduction in a diesel engine after-treatment is challenging. Unlike three-way catalysts in
a gasoline engine that operate under stoichiometric conditions, where NOx can react with
stoichiometric amounts of CO and hydrocarbons, in diesel exhaust there is an excess of Oz under
which conditions three-way catalysts are ineffective at reducing NOx. The current solution for NOx
reduction in diesel engine exhaust is selective catalytic reduction of NOx by NHs (NH3-SCR). The

current commercialized catalyst for the NH3-SCR reaction is Cu-SSZ-13.

Even though many advantages can be found with Cu-SSZ-13 catalysts compared to others,
sulfur poisoning is still a problem. In this work, we first measured SCR and NHs, NO, CO, and
SO:2 oxidation performance after SO2 or SO2 + SO3 exposure on catalysts that had been exposed
to mild hydrothermal aging conditions. We found there is a strong correlation between the extent
of sulfur poisoning and the catalyst oxidation ability. The results suggest that with a great extent
of SOz oxidation, or more oxidation of SOx species on the catalyst surface, more extensive catalyst

poisoning occurs.

Next, we studied which Cu species were more strongly affected by sulfur. Calculations
performed by Keka Mandal, Asanka Wijerathne and Professor Paolucci suggest that Cu dimers
strongly bind sulfur. A CO titration method and diffuse reflectance ultra-violet spectroscopy (DR
UV-Vis) were used to evaluate a change in amount of static Cu dimers sites before and after sulfur
exposure. We found out that Cu dimers were lost after SOz or SOz + SO3 exposure and there appear
to be at least two different Cu/sulfur species based on different impacts of regeneration after SO2

or SOz + SOs exposure conditions.



Finally, we studied if different exhaust gas components might have different effects on mild
hydrothermal aging. We found that mild hydrothermal aging with ethylene can lead to different
oxidation conversion and slightly different high-temperature SCR performance compared to mild
hydrothermal aging without any in the exhaust mixture. We believe this is due to different Cu site
distributions during mild hydrothermal aging with and without ethylene. We further propose that

during mild hydrothermal aging with ethylene, Z2Cu can be transformed back to ZCuOH.
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Chapter 1. Introduction and Background

1.1 Diesel engine

Internal combustion engine vehicles are widely used. Fuel is combusted in a chamber and the
high temperature and pressure produced during combustion expands the combustion gases, which
applies force to a piston and forces the piston to move, and this mechanical energy is used to move
the vehicle. The chemical energy stored in the fuel thus converts to mechanical energy, powering

the vehicles.

Diesel and gasoline engines are two common types used in internal combustion engine vehicles.
The differences between these two engines are different air-to-fuel ratios and how combustion is
induced. The diesel engine is a compression-ignition engine. Air is injected to a combustion
chamber and compressed to raise temperature. Because the temperature is so high, when injected,
the fuel is ignited. High air-to-fuel ratios are used, ranging from near stoichiometric at 14:1 to as
high as 25:1 [1]. The gasoline engine is a spark-ignition engine. Air is mixed with fuel and injected
into a combustion chamber and the fuel is ignited by a spark. High air-to fuel ratios, those beyond

the stoichiometric amount, are not used [1].

1.2 Diesel engine emissions and regulations

The diesel engine is more fuel efficient compared to the gasoline engine and therefore it
generates less carbon dioxide (CO2) [2]. Due to the inhomogeneous mixing of air and fuel in the
combustion chamber, there is incomplete combustion of fuel which leads to soot, some unburned
hydrocarbons, and carbon monoxide (CO). In addition, high temperature and pressure inside the
combustion chamber provide an environment for nitrogen oxides (NOx) production, which

includes nitric oxide (NO) and nitrogen dioxide (NOz). Nitrogen (N2) and oxygen (O2) is usually



inert in air, but they react when the temperature is high enough through the Zeldovich mechanism
[3]. Sulfur dioxide (SO2) is another common emission. Sulfur compounds are in the diesel fuel and

the lubricant oil. S levels in the fuel are regulated to under 15 ppm [4].

These emissions can lead to environmental and health problems if not properly treated. To
evaluate these emissions, a common method used is the federal test procedure (FTP) for heavy-
duty vehicles, defined by the Environmental Protection Agency (EPA). The test was developed to
take into account the driving patterns of different trucks and buses in different cities. The testing
cycles include New York Non-Freeway (NYNF), Los Angeles Non-Freeway (LANF), Los
Angeles Freeway (LAFY), and a repetition of the first NYNF. The cycle is described in Fig. 1.1
[5]. In terms of light-duty vehicles, the FTP-75 is commonly used. The testing cycle includes a
cold start transient phase, stabilized phase, and a hot start phase. The cycle is described in the Fig.

1.2 [6].
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The current regulation for an on-road vehicle is the Tier 3 emission standards. It includes non-
methane organic gasses (NMOG), NOx, and particulate matter (PM) standards for light and heavy-
duty vehicles, with an end date to meet these of 2025. These standards are meant to reduce volatile
organic compounds and NOx by 80% and PM by 70% compared to 2014 levels, if the vehicle and
fuel quality are meeting the standards [7]. The Tier 3 regulations plots of NMOG + NOx for light-

duty and heavy-duty vehicles are shown in 1.3 (a) and (b).
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Fig. 1.3. Tier 3 regulations of average federal test procedure (FTP) NMOG + NOx standards for
(@) light-duty vehicles and (b) heavy-duty vehicles [7].

1.3 Diesel engine after-treatment

To meet these emission regulations, a catalytic after-treatment system is currently used to
reduce emissions from a diesel engine. Although the arrangement and setup might differ, typically
it includes a diesel oxidation catalyst (DOC), a diesel particular filter (DPF), a selective catalytic
reduction (SCR) catalyst, and an ammonia slip catalyst (ASC). The DOC is mainly used to oxidize
unburned hydrocarbons and CO into CO2 and water (H20). It also oxidizes NO to NO2 and SOz to
sulfur trioxide (SOs). The DPF is used to filter soot. The SCR catalyst is used to reduce NOx by

using ammonia (NHs), which comes from urea decomposition. Lastly, the ASC is used to oxidize



any residual NHs slipping by the SCR catalyst. Even though the current technologies have
improved over the last two decades, and they meet the current regulations, more stringent

regulations in future years drive the need for catalyst research and improvement.

1.4 NH3-SCR chemistry

NOx reduction in the diesel engine after-treatment is challenging. The traditional three-way
catalyst used in gasoline engine after-treatment is not sufficient to reduce NOx in diesel engine
exhaust because the excess Oz removes reductants that would otherwise be used to reduce NOx.
The current solution for NOx reduction is the selective catalytic reduction of NOx by NH3 (NHs-
SCR). This technique requires NHs as a reductant, as mentioned above from the decomposition of
injected urea into the exhaust upstream of the SCR catalyst. The urea decomposition includes two
different steps, thermolysis of urea and hydrolysis of isocyanic acid, shown in the following

equations [8,9]:

(NH2)2CO — NHs + HNCO (1-1)

HNCO + H20 — NHs + COz2 (1-2)

The SCR reactions consist of standard SCR, fast SCR, and NO2 SCR reactions, depending on
the NO2 to NO ratio. NOz2 is not common in the diesel exhaust, but the DOC can oxidize NO into
NO:2 and increase the NO2 to NO ratio. If the NO2 to NO ratio in the feed is low, standard SCR is

the normal reaction considered [10,11]. The reactions are listed below:

4NH3 + 4NO + O2 — 4N2 + 6H20 (standard SCR) (1-3)
2NHs + NO + NO2 — 2N2 + 3H20 (fast SCR) (1-4)
4NH3 + 2NO2 + O2 — 3N2 + 6H20 (NO2 SCR) (1-5)



Other than the main SCR reactions, there are several side reactions that might occur. The most
notable side reaction is NHs oxidation which becomes significant at higher temperatures. In
addition, NHs oxidation can lead to undesired product, NO. Possible NH3 oxidation reactions are

shown below [10,12,13]:

4NHz + 302 — 2N; + 6H20 (1-6)

4NH3 + 502 — 4NO + 6H20 (1-7)

Other side reactions, such as NO oxidation and nitrous oxide (N20) formation can occur. The
NO oxidation reaction is shown in (1-8). N2O is a byproduct of NH3-SCR reactions. In general,
N20 can be formed in two different temperature regions. At lower temperatures (<300 °C), N2O
is generated by ammonium nitrate (NHsNOz) decomposition [10,14], while at higher temperatures
(>300 °C), N20 is generated from NHs oxidation. The reactions for these two regions are shown

in equations (1-9) to (1-11) [10].

2NO + Oz2 — 2NO2 (NO oxidation) (1-8)

NH4NOs3 generation and decomposition to N2O at low temperatures [10]:

2NH3 + 2NO2 — NHsNO3 + N2 + H20 (2-9)

NH:NOz — N20 + 2H,0 (1-10)

NHs oxidation to N20 at high temperatures [10]:

2NHs + 202 — N20 + 3H20 (1-11)



1.5 NH3-SCR catalysts

To effectively drive NH3-SCR reactions to reduce NOx, catalysts are important. Early in SCR
research, the V205-WOs-TiO2 catalyst was used. The optimum operation temperature of this
catalyst is reported to be between 300 to around 400 °C [15]. However, many drawbacks of the
catalyst were found, such as low high temperature stability and toxicity of the catalyst. Zeolite-
based catalysts were used as alternatives. Among all the zeolite-based catalysts, SSZ-13 and
SAPO-34 received most attention because of hydrothermal stability at high temperatures,
resistance to hydrocarbon poisoning, and wide working temperature windows compared to other
zeolites, such as Zeolite Y, ZSM-5, and beta [16]. In terms of active metal, Fe and Cu are the most
common choices [17-34]. Higher SCR conversion at high temperatures is mostly observed on Fe
catalysts compared to Cu catalysts. However, lower SCR conversion at low temperatures
compared to Cu catalysts is the drawback, see Fig. 1-4 [15]. The common working temperatures
for SCR reactions in heavy-duty vehicles are between 200 to 400 °C [5]. For this reason, Cu-based

catalysts are more commonly selected for the SCR catalyst.

- Cu/Zeolite SCR
=+ Fe/Zeolite SCR
-4~ Vanadium Based SCR

20
10
o

©
100 150 200 250 300 350 400 450 500 550 600
Inlet Gas Temperature (°C)

NOx Conversion (%)
g

Fig. 1.4. NOx conversion over Cu, Fe, and vanadium based SCR reaction as a function of
temperature [15].



Cu-SSZ-13 and Cu-SAPO-34 have similar crystallinity framework, chabazite (CHA). The
structure can be identified as double six-membered rings (d6r) interconnected with four-membered
rings (4r). The AABBCCAA stacking sequence of the double six-membered rings leads to a cage

with 8 membered ring windows [13,35,36]. The structure is shown in Fig. 1.5 [36].

Fig. 1.5. CHA type crystal topology [36].
The difference between Cu-SSZ-13 and Cu-SAPO-34 is the composition of the structures. Cu-

SSZ-13 primarily contains silicon dioxide (SiO2) and a various amount of Al substitution of Si,
depending on its Si/Al ratio, whereas Cu-SAPO-34 contains mainly AIPO4 with various amount

of Si substitution into AIPO4 structure [29,37].
1.6 Cu active sites on Cu-CHA

Based on the X-ray diffraction (XRD) data on Cu-SSZ-13, Fickel et al. found that Cu?* ions
are located at the double six-membered ring [38]. Two different Cu active sites were then proposed
by Kwak et al. Based on their XRD and DRIFTS results, they found that Cu distribution was
dependent on the Cu ion-exchange level. Cu primarily filled in the six-membered ring when the
ion-exchanged level was low. When the ion-exchanged level was high enough, Cu started to fill

in the eight-membered ring [39]. More studies later found out that Cu speciation does not only



depend on the ion-exchange level, but also depends on the Si/Al ratio. Giordanino et al. proposed

[Cu-OH]" species by probing oxidized Cu-SSZ-13 at low temperature (100 K) with CO [40].

Anderson et al. studied the location of Cu?* by XRD. They further suggested that the [CuUOH]*

species is stable at the eight-membered ring [41]. After these studies, Z2Cu and ZCuOH were then

used to identify Cu?* at six-membered rings and eight-membered rings, respectively, where Z

denotes an Al site.

1.6 NH3-SCR mechanism on Cu-CHA

The NOx conversion profile during steady state SCR, figure shown in Fig. 1.6, shows there is

a non-monotonic profile, defined by two different temperature regions, when the Cu loading is

considered low [25]. This shows that the SCR mechanism might be dependent on the temperature

region.

100+

(%)

o
o
I
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| Standard NH,-SCR, GHSV ~ 400,000 h”
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B Experimental
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Fig. 1.6. Standard SCR performance over a Cu-SSZ-13 catalyst with Si/Al = 12 and Cu/Al =

0.13. Reactant feed contains 350 ppm NO, 350 ppm NHs, 14% Oz, and 2.5% H20 balanced with

N2 at a gas hourly space velocity (GHSV) of 400,000 h* [25].
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Most research has been regarding the low-temperature SCR mechanism. With Kinetic
measurements, Gao et al. found that the SCR rate as a function of Cu loading on the catalyst is
second order when the Cu loading is low. This suggests that the low-temperature SCR reactions
are catalyzed by transient Cu dimers [25]. Paolucci et al. did a SCR reactant cut-off experiment
and showed that NO together with NHs can effectively reduce Cu' to Cu' [31]. The reduced Cu
site, Cu'(NHa3)2, was further proposed by considering the coordination number from Ab-initio
molecular dynamics (AIMD) [32]. From Cu'" reduction to Cu', this process is recognized as the
reduction half cycle. To better understand the oxidation half cycle, second order fits from the Cul
fraction calculation from X-ray absorption near-edge structure (XANES) spectra over multiple
Si/Al ratio were derived. The second order relationship again suggests Cu dimers are present, in
the form of (NH3)2Cu"-02-Cu''(NH3)2. Finally, DFT Calculations show that Cu becomes mobile
after NHz solvation. Cu'(NHs)2 can move a certain range to find another Cu'(NHs)2 to form dimers
shown above. The dimer species are recognized to be the key species for the oxidation half cycle
[33]. Combined with the reduction half cycle, the catalytic cycle of low-temperature SCR was

found. The figure describing the reduction half cycle and oxidation half cycle is shown in Fig. 1.7.
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Fig. 1.7. Low-temperature SCR catalytic cycle [33].

In terms of the high-temperature SCR mechanism, fewer studies have been done, likely
because of the convoluted factors at high temperatures, such as the NH3 oxidation side reactin and
mass transfer limitation problems [29]. Gao et al. found a linear relationship of SCR rate with
respect to Cu loading when the Cu loading is low, suggesting that the monomeric Cu sites are

catalyzing the SCR reactions at high temperatures [25].
1.7 Deactivation mechanisms of Cu-CHA

Even though the Cu-SSZ-13 catalysts are commercialized for NOx removal, they still suffer
from deactivation. Among the deactivation modes, sulfur poisoning is a main one. Sulfur is
common in the diesel fuel and lubricant oil. Even though ultra-low sulfur diesel fuel is mandated
in the US, sulfur can still have an impact on the catalyst as accumulation of sulfur on the catalyst

can deactivate the catalyst [36].

Sulfur in the exhaust can be SO2 and SOs. SO3 comes from the oxidation of SO2 on the DOC.
In an early work, Cheng et al. tested the SCR performance before and after SO2 or SOz exposure.

They found that the low-temperature SCR performance decreased much more after the Cu-zeolite
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catalyst was exposed to SOz compared to SO2. Using XANES and extended X-ray absorption fine
structure (EXAFS), they confirmed that Cu remained dispersed even after SOz exposure, but the
formation of copper sulfate (CuSOs) after SOz exposure was much more stable compared to copper
sulfite (Z-CuSOs3) and copper hyposulfite (Z-CuSO2) formed after SOz exposure. This supports

the fact that SO3 poisoning is more severe than SO2 [42].

In most studies, sulfur decreases the catalyst low-temperature SCR activity, but has less effect
on high-temperature SCR activity [4,36,42,43]. NHs, a reactant in the SCR reactions, can react
with sulfur species and form ammonium sulfate ((NH4)2SO4). This species decomposes at around
350 °C [44]. This may explain why sulfur only affects the low-temperature SCR activity but not
the high-temperature one. The catalyst regeneration process by NHs has been called “chemical

deSOx” [4].

Multiple deactivation mechanisms related to SO2 exposure have been proposed. Zeolite pore
blocking caused by SOz is a common mechanism. Wijayanti et al. found the pore volume and area
decreased after SOz exposure under SCR reaction conditions [45]. (NH4)2SO4 formed by NHs and
SOz is recognized as one of the pore blocking species [46]. Other mechanisms are based on the
catalyst active sites that are inhibited by different sulfur species, such as CuSQOa4, copper bisulfite
(CuHSO:s3), and (NH4)2SOa4. Based on the experiments using DRIFTS, TPD results, and DFT
calculations, SOz only adsorbed on Z2Cu when cofed with NH3s and formed (NH4)2SOa4. However,
SOz interacts with ZCuOH readily and form CuHSOs or even CuSQOg4 [47]. From the TPD results,
CuSOs requires temperatures higher than 600 °C to decompose [48], while desorption of
(NH4)2S04 only requires around 350 °C [47]. The results imply that catalysts with more ZCuOH
lead to harder to desorb sulfur. Luo et al. confirmed this mechanism using DRIFTS with probe gas
NHs, showing that the T-O-T zeolite vibrational peak associated with ZCuOH disappeared, and
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the vibrational peak intensity associated with Z2Cu decreased after SO2 exposure [49]. Shih et al.
showed that sulfur preferably stored on ZCuOH. Their computational results further showed that
sulfur species can persist to higher temperature on ZCuOH than on Z2Cu, indicating that ZCuOH

is more likely to remain poisoned relative to Z2Cu until higher temperatures are reached [50].

Other than sulfur poisoning, hydrothermal aging (HTA) is also considered as a deactivation
mode. It can happen when the DPF periodically regenerates. The temperature of the DPF increases
to burn the carbon particles when the particle loading reaches a certain limit. A large amount of
heat due to C oxidation transfers to the downstream SCR catalyst. The high-temperature exposure

(>650 °C) with the presence of moisture in the feed may lead to zeolite structure damage.

Many previous studies have focused on the hydrothermal stability of Cu-CHA. Fickel et al.
showed that the small pores of Cu-CHA are an advantage. Since Cu-CHA has a pore size around
3.8 A, smaller than the kinematic diameter of Al, the catalyst is less vulnerable to dealumination
than other mesoporous catalysts [51]. Although the Cu-CHA catalyst is less likely to dealuminate
during hydrothermal aging, it will still undergo deactivation if exposed to high temperature
conditions. Schmieg et al. showed that aging temperature and aging time are important variables
for hydrothermal aging. Their results showed that when the catalysts were hydrothermally aged at
3 /900 °C, 8 h/875 °C, 12 h/850 °C, or 72 h/800 °C, the highest NOx conversion of catalysts
decreased to lower than 70% [52]. The distribution of Cu sites was also found to determine the
catalyst’s hydrothermal stability. The Cu located in the eight-membered ring had lower
hydrothermal stability. During hydrothermal aging, it aggregated and formed CuOx particles which
damaged the zeolite structure [53-55]. Although the catalyst structure damage during
hydrothermal aging is the usual concern, Luo et al. proposed that mild hydrothermal aging (<750

°C) did not affect the zeolite structure. Instead, the copper distribution changed, with a shift from
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ZCuOH to Z2Cu sites [56]. The transformation was then proposed to change the catalyst’s

oxidation activity [49].

1.8 Research Objectives

Even though many sulfur poisoning mechanisms on Cu-SSZ-13 have been proposed, detailed
studies of combined sulfur poisoning and hydrothermal aging are few. Wei et al. [57] and Xi et al.
[58] both found out that sulfur poisoning extent decreased after the Cu-SSZ-13 catalyst was mildly
hydrothermally aged, at temperatures below 750 °C. We explored the reason behind this, with
focus on how the change in the Cu site distribution during HTA affects the extent of sulfur
poisoning. Next, we focused on quantification of Cu sites before and after sulfur poisoning,
especially for the static Cu dimers, as predictions by our collaborators suggest those would bind
sulfur strongly. We used CO titration and diffuse reflectance ultraviolet-visible (DR UV-vis)
spectra techniques to quantify and characterize the change. Finally, we were interested in the
impact of hydrothermal aging with different exhaust gas components on the catalyst.
Understanding what, if any, gas components affect the changes associated with hydrothermal

aging is important.
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Chapter 2 How Changes in Cu-SSZ-13 Catalytic Oxidation Activity via Mild

Hydrothermal Aging Influence Sulfur Poisoning Extents

This chapter was reproduced with permission from the Royal Society of Chemistry. It has been
published and can be found in Chen et al., Catal. Sci. Technol., 2022, 12, 6891-6902. The
introduction may be redundant with the Introduction section in the thesis, but for completeness, it
is still presented here. The supplementary materials for this paper/chapter are in appendix A. The

reference numbers were relabeled to be consistent in the thesis.

2.1 Abstract

Cu-SSZ-13 is widely used as a NOx reduction catalyst in diesel engine after-treatment systems.
However, sulfur, a common although trace component in diesel fuel, can lead to catalyst
deactivation. Literature has shown that the relative amounts of Cu sites identified as Z2Cu and
ZCuOH under inert conditions lead to different S poisoning extents and those relative Cu site
amounts can be influenced by mild hydrothermal aging. Our results confirm this finding, but only
for specific conditions, in other words the different Cu distributions leading to different extents of
S poisoning is not universally true. Here, we show that the extent of sulfur poisoning by SO2 in
the absence of water is related to SOz oxidation on the Cu sites, and more specifically the ZCuOH
sites. Therefore, since different pretreatment conditions lead to different relative ZCuOH and
Z2Cu distributions, the extent of SOz oxidation and therefore S poisoning is influenced by these
different pretreatment conditions. The catalyst with more ZCuOH had higher SOz oxidation
conversions and more deactivation compared to a catalyst with less relative ZCuOH. However, if
SOs was included during sulfur exposures or if the experiment was performed at relatively low
temperature with an SO2 exposure, changes in the Cu distribution made less or no difference. This

is correlated to S oxidation extents. In the presence of water, the extent of sulfur poisoning is also
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affected by the catalyst’s ability to oxidize SO2. And, the presence of water leads to further
deactivation than in its absence. The water effect is apparent when the oxidation activity is

relatively weak and is less significant when the SOz oxidation extent is relatively strong.

2.2 Introduction

Selective catalytic reduction (SCR) of NOx by NH3 over metal-exchanged zeolites is a common
approach to eliminate nitrogen oxides (NOx) from diesel engine exhaust. Among metal exchanged
zeolite-based catalysts, Fe- and Cu-exchanged zeolites appear to be the most commonly studied
[17-34]. And among Cu-zeolite catalysts studied, the Cu-SSZ-13 formulation has received
significant attention as it is reported to be less prone to hydrothermal degradation compared to Cu-
ZSM-5, Cu-beta, and Cu-Y and its small pores makes it more resistant to hydrocarbon poisoning

than other mesoporous catalysts [16,51,59,60].

Although Cu-SSZ-13 is commercially used as an SCR catalyst to reduce NO to Nz in diesel
engine exhaust [56,61-65], it is still susceptible to sulfur poisoning. Using temperature
programmed desorption (TPD) experiments, Su et al. proposed that several sulfur species form on
Cu-SSZ-13 catalysts with sulfur exposure, including H2SOs, CuSOs, and Al2(SOa4)s3 [48]. When

NHs is included during a sulfur exposure, (NH4)2SOa4 like species are also observed [44,46,66,67].

The impact of SOz and SOs on SCR activity has mainly been observed or studied at
temperatures below 350 °C [42,68]. Research has shown that the activity can be recovered by high
temperature treatment, for example at temperatures over 550 °C [4,36]. Kumar et al. showed that
by including NHs or CsHe in the regeneration mixture, which the authors termed chemical deSOx,
sulfur was released from the catalyst at a lower temperature, around 400 °C [4]. Jangjou et al.

further showed that ammonium sulfate species, formed on SCR catalysts during exposure to SO2
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in the presence of NHs, decomposed at around 350 °C [44,66]. This may explain why decreased
SCR activity has primarily been observed in the low-temperature region, because NHs, a reactant
in the SCR reaction, leads to formation of ammonium sulfate, which decomposes at temperatures

higher than 350 °C, allowing activity to be regenerated.

Multiple deactivation mechanisms associated with SOz exposure have been proposed. A
common one is pore blocking by sulfur containing species. Zhang et al. used NHs TPD to
characterize a catalyst and proposed that after NHz and SO2 exposure, (NH4)2SOa4 species formed
and might poison the active sites and block catalyst pores [46]. Wijayanti et al. found the catalyst
surface area and pore volume decreased after SOz exposure under SCR reaction conditions [45].
Other proposed sulfur poisoning mechanisms include SO2 interacting with different Cu sites. Z2Cu
and ZCuOH have been identified as two ion-exchanged Cu species on the catalyst (where Z
denotes an isolated Al site) under inert conditions [39,55,56,69—72] and recent research has found
that different sulfur species form on these two Cu site types after sulfur exposure. For example, it
has been proposed that CuSO4 or CuHSO4 forms on ZCuOH while (NH4)2SO4 forms on Z2Cu
[44]. Luo et al. studied a SCR catalyst using diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) during NH3 adsorption and showed the loss of a T-O-T zeolite vibration
feature associated with ZCuOH after sulfur exposure, suggesting that NH3 no longer interacted
with ZCuOH [49]. Shih et al. showed that sulfur stored preferably on ZCuOH compared to Z2Cu.
Their computational results further showed that sulfur species persist to higher temperature on
ZCuOH than Z2Cu, indicating that ZCuOH is more likely to remain poisoned relative to Z2Cu

until higher temperatures are reached [50].

Based on these findings, one approach proposed to protect a Cu-SSZ-13 catalyst from sulfur

poisoning is to decrease the amount of ZCuOH in favor of more Z2Cu sites. It has been shown
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that ZCuOH can be transformed to Z2Cu by mild hydrothermal aging without zeolite damage,
using hydrothermal aging conditions at temperatures below 750 °C [52,56,72]. Wei et al. showed
that the extent of SOz poisoning decreased after a 750 °C pretreatment [73]. Xi et al. found that
increasing the mild hydrothermal aging duration at 650 °C prior to SO2 and SO3 exposure under

SCR reaction conditions reduced the impact of sulfur on SCR activity [58].

We observed similar trends, with mild hydrothermal aging decreasing the extent of SO2
poisoning when SO2 was used as the sulfur species in a 400 °C exposure. However, with SOs
poisoning, the mild hydrothermal aging treatment did not mitigate the impact of poisoning on SCR
activity. We used in situ DRIFTS to identify the relationship between the oxidation activity and
the amount of ZCuOH, and these combined with SCR and oxidation reaction results show a
relationship between the catalytic oxidation activity and the extent of sulfur poisoning whether in
the presence or absence of water. We here propose that the extent of sulfur poisoning is dependent
on the extent of SOz oxidation on the catalyst surface, which in itself is a function of the relative
amounts of ZCuOH and Z2Cu, further clarifying differences observed with different Cu type

distributions and differences in our observations and those in the literature.
2.3 Experimental Methods

The Cu-SSZ-13 catalyst was provided by Cummins Inc. and came as a honeycomb monolith
structure with a cell density of 300 cells/in? (cpsi). Cylindrical samples were core drilled from the
monolith and were 2.9 cm in length with a diameter set such that each had 21 cells. The catalyst
was wrapped with ceramic fiber strings and placed in a quartz tube, purchased from Quartz
Scientific, which was placed in a Lindberg Blue M Mini-Mite tube furnace. Two K-type Omega
thermocouples placed in the upstream and downstream radial center of the monolith were used to

measure the catalyst temperature.
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Sulfinert coated tubing and fittings from Swagelok were used upstream and downstream of the
quartz tube reactor. Upstream and downstream tubing were heated to 150 °C using heat tape and
wrapped in insulation to prevent H20 condensation on the tubing surface. All gases, except some
of the N2 used as a carrier for the steam, were metered using MKS Instruments mass flow
controllers. A N2 generator purchased from Parker Balston was used to supply some of the balance
N2 and all other gases originated from cylinders purchased from Praxair or Matheson. Steam was
introduced using a Bronkhorst controlled evaporator mixer. CO, COz2, H20, NO, NO2, N20, NHs,
S0z, SOs, and H2SO4 reactor outlet concentrations were measured using a MKS MultiGas 2030

FT-IR.

For the reactor experiments, a total flow rate of 1360 sccm was used, which corresponds to a
GHSV of 62300 h™t. The monolith-supported catalysts were either “degreened” or exposed to mild
hydrothermal aging conditions, hereafter denoted HTA, prior to experiments. For degreening, the
catalyst sample was exposed to 10% Oz, 7% H20, 8% CO2 and balance N2z at 550 °C for 4 h, while
the mild HTA was done with the same gas concentrations but at 600 °C for 10 or 25 h. The results
obtained for the 25 h sample are used throughout the paper, and the results from the 10 h sample
are included in the Supporting Information. SOz exposure was conducted at 200 or 400 °C with 50
ppm SO2, 10% or 1% Oz, 0, 0.5% or 7% H20 and balance N2. SOs3 exposure was conducted at 200
°C with 25 ppm SOz, 25 ppm SOs, 10% Oz and balance N2. The mild HTA temperature used and
S exposures, based on prior literature, should not lead to any changes in zeolite crystallinity or
structure [56,58,62,63,68]. Before an experiment, the catalyst was exposed to 10% O2 and balance
N2 at 500 °C for 1 h, except for the experiments after the catalyst was exposed to sulfur. After the
O2 exposure pretreatment, the temperature was cooled to 150, 200, or 400 °C depending on the

experiment to be run. Catalyst performance test conditions are listed in Table 2.1.
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Table 2.1 Reaction conditions used

Reactions NHs3 NO CcO SOz H20 CO2 02 N2
(ppm)  (ppm)  (ppm)  (ppm) (%) (%) (%)
SCR 200 200 - - 7 8 10 Balance
NO
- 200 - - 7 8 10 Balance
oxidation
NH3
200 - - - 7 8 10 Balance
oxidation
(6{0)
- - 200 - 7 - 10 Balance
oxidation
SO2
- - - 50 - - 10 Balance
oxidation
Calculations include:
NOx conversion during SCR reaction = M x 100% (2-1)
NO oxidation conversion = W x 100% (2-2)
NHs oxidation conversion = % X 100% (2-3)
3in
CO oxidation conversion = % X 100% (2-4)
SO2 oxidation conversion = 592in=5020ut o 100% (2-5)

02in

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) during NH3 adsorption

was used to characterize the degreened and HTA catalysts T-O-T vibration region. We used a
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Nicolet iS-50 FT-IR spectrometer with a Harrick Scientific Praying Mantis cell and ZnSe windows.
Catalyst powder was scraped from the commercial monolith-supported catalysts. These were filled
into a sample cup and the sample surface was leveled to the cup height. A mixture of dry ice and
isopropanol was used as a cold trap to remove residual water from the inlet line into the cell. The
total flow rate for all experiments and treatments was 50 sccm. Before experiments, catalysts were
exposed to 10% O2 and balance He at 500 °C for 1 h (O2 pretreatment). Then, the system was
cooled down to the experiment temperature. The background spectrum was taken after the catalyst
had cooled to the target temperature. For NHs adsorption experiments, the experiments were

conducted at 120 °C with 1000 ppm NHs and balance He.

NHs temperature programmed desorption (TPD) and NHs temperature programmed oxidation
(TPO) experiments were also conducted. From these, for example, we determined the temperature
for the onset of NHs oxidation temperature in the DRIFTS cell, ~300 °C. The NH3s oxidation
experiments and experiments with NH3s exposure followed by a He purge at that temperature were
used to characterize the relationship between ZCuOH and the NHs oxidation activity of the catalyst.
For NHs-TPD and TPO experiments, background spectra were taken and recorded every 10 °C
during the cool down phase after the pretreatment, to 120 °C. After NHs adsorption, NH3s was
turned off and there was a He purge for 30 min before the TPD phase. For the TPO experiments,
10% O2 was introduced after NH3 was turned off. Then, the temperature was ramped to 500 °C at
10 °C/min. During the temperature ramp, spectra were taken every 10 °C. The background
spectrum for each temperature was subsequently subtracted from each spectrum at its
corresponding temperature. For the isothermal NHs oxidation and He purge experiments at 300
°C, after a 10% O2 in He pretreatment at 500 °C for 1 h, the temperature was cooled to 300 °C.

After a background spectrum was taken, O2 was turned off and 1000 ppm NHs in He was
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introduced for 1 h. Then, 10% Oz was introduced for the NHs oxidation experiment, or only He
when doing the He purge experiment. We note that NHs TPD experiments are often used to
characterize SCR catalyst acidity, but after S exposures the formation of ammonium sulfates

convolute any interpretation [43,44,49].

2.4 Results and Discussion

Catalyst NH3-SCR and CO, NO, NHs and SO: oxidation performance before sulfur exposure

Before sulfur exposure, SCR and NO, CO, NHs and SO: oxidation experiments were
conducted using the degreened and HTA catalyst samples. The SCR results are shown in Fig. 2.1
(a). Below 350 °C, similar SCR conversions were obtained over both catalysts. These results are
consistent with other literature results that show similar SCR conversions if the catalysts were
pretreated below 700 °C [49,52,62,63,74]. Above 350 °C, the HTA catalyst resulted in higher NOx
conversions compared to the degreened catalyst. SCR reactions at high temperatures are affected
by NHs oxidation, where a loss in NHs through oxidation by Oz instead of NO can lead to a
decrease in NOx conversion [17,49,63]. The higher NOx conversion attained over the HTA catalyst
is explained by lower NHs oxidation conversion, as is confirmed in Fig. 2.1 (b). Not only does
NHs oxidation conversion decrease after HTA, but NO to NO2, CO to COz2, and SO2 to SO3
oxidation conversions also decrease, as shown in Fig. 2.1 (c), (d), and (e). These results
demonstrate there is a consistent loss in oxidation reaction conversion, at least for these four
reactants, due to the HTA pretreatment. This is somewhat consistent with Luo et al.’s work where
although they used higher temperatures for hydrothermal aging, it was shown that NO and NHs3

oxidation conversions decreased after 700 and 800 °C compared to 550 °C aging exposures [49].
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As a note, in terms of N2O formation, as shown in the Appendix A, Fig. A-1, the amount of
N20O formation over both catalysts was similar. N2O formation follows the pattern typically
observed in other literature studies, with a low temperature peak via ammonium nitrate
decomposition and a high temperature peak associated with N20O formed during NHs oxidation
[14,75]. In terms of how the aging affects N2O formation, our results do not parallel those in the
literature [73] where different relative amounts of N2O formed in the low temperature regime with
changes in hydrothermal aging temperature. A likely explanation for this discrepancy is the
different experimental and aging conditions. There is a larger difference between the “degreened”
and HTA samples in the literature cited compared to those we used. In general, the amount of N2O
formed was low as is consistent with literature for this Cu-SSZ-13 catalyst. As no NO2 was formed,

N2 selectivity can be calculated based on NO conversion and N20 formed.
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Fig. 2.1. (a) NH3-SCR and (b) NHs, (c) NO, (d) CO, and (e) SOz oxidation for the degreened and

HTA catalysts before sulfur exposure. Reaction conditions are described in Table 2.1.
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Evidence in the literature shows a relationship between NO and NHs oxidation and ZCuOH
amount [17,49,76]. To further support the relationship between the oxidation activity and the
amount of ZCuOH, we used in-situ DRIFTS to characterize the sample during NHs oxidation
experiments at 300 °C, see Fig. 2.2 (a). Note, other techniques are sometimes used to quantify Cu
site distributions, such as H2 temperature programmed reduction (H2-TPR) [39,44,56,77].
However, the sample used here is a commercial sample, with an unknown initial amount of
Cu/CuO particles. The reduction of CuO particles occurs at a similar temperature as ZCuOH,
which could therefore complicate any quantification analysis [18]. Furthermore, relative amounts
of Z2Cu and ZCuOH are sufficient to explain the findings and conclusions, as demonstrated below.
In the DRIFTS results used here, the T-O-T vibration region is shown, where the 900 cm™ peak
has been assigned to NHs interacting with Z2Cu and the 950 cm™ peak has been assigned to
ZCuOH [39,44,56,63]. The NH3s oxidation temperature was determined from NHs TPD and NHs
TPO experiments using separate DRIFTS experiments, see Appendix A, Fig A2. From 120 to 300
°C during both the TPD and TPO experiments, the intensities of both the 900 and 950 cm™* features
decrease at similar rates. Above 300 °C, however, both the 900 and 950 cm™ peaks diminished
much faster during the TPO experiment compared to those peaks during the TPD experiment.
These results suggest that below 300 °C, NHs desorption from both ZCuOH and Z2Cu occurred,
while above 300 °C, NHs oxidation started to be significant. With this observation, 300 °C was
chosen as a temperature to compare NHs oxidation characteristics. In Fig. 2 (a), the intensities of
both the 900 and 950 cm™ decreased during NH3 oxidation at 300 °C. The 950 cm™ feature, in
particular, decreased more than 900 cm™* feature, suggesting that NHz on ZCuOH was oxidized
more rapidly than on Z2Cu. To rule out the possibility that NHs desorption at 300 °C is significant

compared to the oxidation, the NHs adsorption and then He purge at 300 °C experiment was

25



conducted, with results shown in Fig. 2.2 (b). Compared to NH3 oxidation, NH3 desorbed much
slower from both ZCuOH and Z2Cu, corroborating that the decrease in the intensities of both peaks
in Fig. 2.2 (b) was not because of NHs desorption, but stems from NHs oxidation. And, these

results are also consistent with the observations in Figure 2.1 (a) and 2.1 (b).

ZCuOH has been hypothesized to be the more active NHs oxidation active site [17,49,76].
Literature [56,61,62,78] and our results show that during mild hydrothermal aging, Cu can migrate
from ZCuOH to Z2Cu sites. For example, as shown in Figure A3 (a) in the Appendix A, the
intensity of the 950 cm* peak, after normalizing the 900 cm intensities, for the degreened catalyst
is greater than that for the HTA sample. This suggests a loss in ZCuOH, with an increase in Z2Cu
after a mild HTA treatment. Furthermore, this migration of Cu from ZCuOH to Z2Cu results in
the loss of Brgnsted acid sites. In the DRIFTS results shown in Appendix A, Figure A3 (b), the
1620 cm* peak, representing NHs adsorption on Lewis acid sites [49,79,80], is normalized in order
to compare its intensity with the intensity of 1460 cm™ peak, representing NHs adsorption on
Bronsted acid sites [49,79,80]. The results show that after HTA, there are fewer Brgnsted acid
sites, suggesting that the Brgnsted acid sites are consumed during HTA. In summary, the results
suggest that the degreened sample has more ZCuOH than the HTA sample and explains why the
degreened sample has higher NH3 oxidation conversions than the HTA samples at temperatures

above 300 °C, shown in Fig. 2.1 (b), further supported by the DRIFTS results in Fig 2.2 (a).
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Fig. 2.2. DRIFTS spectra of (a) NHs oxidation and (b) He purge at 300 °C after 10% O:

pretreatment at 500 °C for 1 h and 1000 ppm NHs adsorption at 300 °C for 1 h.

How catalyst surface SO2 oxidation activity impacts SO2 poisoning

Based on literature results, ZCuOH has been proposed to accumulate more sulfur than Z2Cu
at 200 °C (0.6 S/Cu vs. 0.3 S/Cu) [50]. In addition, the sulfur species on ZCuOH require higher
temperatures to decompose compared to sulfur species on Z2Cu [44,50], so reducing the amount
of ZCuOH in the catalyst has been proposed to reduce the extent of sulfur poisoning [58,73]. We
first exposed both the degreened and HTA catalysts to SOz at 400 °C and NOx conversions during
subsequent SCR reaction experiments were evaluated, with results from before and after SO:
exposure shown in Fig. 3. The results show that after SO2 exposure, the degreened catalyst led to
lower NOx conversions from 150 to 300 °C compared to the HTA catalyst, suggesting that the
hydrothermal aging treatment indeed helped reduce the extent of sulfur poisoning as has been

previously suggested.
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Fig. 2.3. SCR results after 50 ppm SO2 exposure at 400 °C on (a) degreened and (b) HTA catalysts.
The comparison between SCR conversion after SOz exposure at 400 °C on degreened and HTA
catalysts is in (c). The SCR reaction conditions are described in Table 2.1.

As an aside, an interesting finding from the results in Fig. 3 (a) and (b) is that both catalysts
resulted in higher NOx conversions during SCR above 350 °C after SOz exposure relative to the
samples not exposed to SO2. A possible explanation is that NH3 oxidation was inhibited by SO-.
If so, since NO conversions under SCR conditions at high temperatures can be lower due to loss
of reactant NHs by NHs oxidation, NHs oxidation inhibition could lead to higher NOx conversions.

To test the NH3 oxidation inhibition by SO2 hypothesis, we did an NHs oxidation experiment after
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400 °C SO2 exposure, see Appendix A, Fig. A4. The results show that the NH3 oxidation was
inhibited below 500 °C compared to the NHs oxidation results using the catalyst prior to SO2
exposure. This NHs oxidation inhibition by SOz might explain the increased NOx conversion

during SCR between 350 and 450 °C after SO2 exposure.

After exposure to a mixture containing SOs, both the degreened and HTA catalysts were
significantly deactivated below 350 °C, see Fig. 2.4, and that loss led to similar NOx conversions
over both samples in this lower temperature range, see Appendix A, Fig. A5 (a) for a direct
comparison. Contrary to the results shown above and the associated literature discussed, here the
hydrothermal aging treatment did not mitigate the extent of SOs poisoning. Literature has
consistently shown that SOs leads to a higher level of SCR catalyst deactivation compared to SO2
[36,42,81], with one explanation being higher levels of copper sulfate formation [42]. Our results
show a similar trend in that the extent of SO3 poisoning is higher compared to SOz poisoning, see
Fig. 2.4 (a) and (c) for the degreened catalyst and Fig. 2.4 (b) and (d) for the HTA catalyst.
Furthermore, after the catalysts were exposed to SO2 at 200 °C in the absence of SOs, see Fig. 2.4
(c) and (d), both degreened and HTA catalysts had similar NOx conversions below 350 °C. Even
though the degreened catalyst had slightly lower NOx conversions below 350 °C after SO2
exposure compared to the NOx conversions of the HTA catalyst, for a direct comparison, see
Appendix A, Fig A5 (b), the difference is relatively small. From these two sets of experimental
results, reducing the amount of ZCuOH by using a mild hydrothermal aging treatment does not
effectively protect the catalyst from SO2 or SOs poisoning at 200 °C, but does for SOz exposure at
400 °C. The 400 °C results are consistent with prior work by Xi et al [58], but here the additional
data at 200 °C show that the transformation of ZCuOH to Z2Cu unfortunately does not universally

lead to enhanced sulfur poisoning resistance.
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To resolve the seemingly contradictory results in Figures 2.3 and 2.4, and with aspects of prior
literature, we propose that SCR catalyst deactivation via sulfur poisoning has some dependence on
SOz oxidation activity over the catalyst surface. For the exposures that include SOs, SO3 being the
product of SO2 oxidation, there is no observed difference in the loss in NOx conversion over the
two catalysts. The HTA catalyst shows similar SCR conversions below 350 °C when compared to
the degreened catalyst. In terms of the SCR activity after the 200 °C SO2 exposure, both degreened
and HTA catalysts have poor SO2 oxidation at 200 °C, see Fig. 2.1 (e) as a surrogate to support
this assumption, so again they appear to respond similarly. Furthermore, neither was significantly
deactivated. Therefore, under conditions where there is not significant SOz oxidation activity or

the oxidation product is included in the reactant gas mixture, the two catalysts respond similarly.

However, this is not the case when experiments were run with SOz in the absence of SOs at
the higher temperatures, where there would be an increase in the extent of SO2 oxidation. Results
from the experiments where the samples were exposed to SO2 at 200 or 400 °C are shown in
Figures 2.3 and 2.4 with the overlaid comparisons shown in Appendix A, Fig. A6 (a) and (b). Both
the degreened and HTA catalysts after 400 °C SOz exposure were deactivated more than after the
200 °C SO2 exposure. We relate this to SO2 oxidation extent on the catalyst surface, with higher

levels of oxidation at the higher temperature.

The hypothesis was further tested by evaluating SCR of NOx conversions after SO2 exposure
at 400 °C but with a lower Oz concentration, 1%, during the SOz exposure, see Fig. 2.5 (a). The
results show that SO2 exposure with 10% O deactivated the catalyst more than with 1% Oz. As
an ancillary test of oxidation activity, NHs oxidation was also evaluated, see Fig. 2.5 (b). The

results show that with 10% Oz, higher NH3 oxidation conversions are also attained relative to those
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with 1% O2. These results are consistent with higher oxidation activities leading to more significant

sulfur-derived SCR catalyst deactivation.

100 100
g 80 S 80
& [ S [
D 60 D 60
g : Degreened g
§ 40 S 40
(&] (&)
2 20 —d— No sulfur © 20 —w— No sulfur
- —8— S0,+S0, - —— SO, +S0,
O 2 1 2 2 2 2 O 2 1 2 2 2 2
200 300 400 500 200 300 400 500
Temperature (°C) Temperature (°C)
100 100 - —_
[(d) W p— "‘v\v-\
S 80 g sof f T
5 | s [}
D 60 K 60 |
g ' Degreened g b4 HTA
S a0} S 40}
o o
Q 20 —d— No sulfur © 20 —w— No sulfur
- == 200°C SO, 200°C SO,
0 1 2 1 2 2 2 2 O 1 2 1 2 2 2 2
200 300 400 500 200 300 400 500
Temperature (°C) Temperature (°C)

Fig. 2.4. SCR results after 25 ppm SOz and 25 ppm SOs exposure at 200 °C for 6.5 h, (a) and (b),
and 50 ppm SO2 exposure at 200 °C for 6.5 h, (c) and (d), on degreened, (a) and (c), and HTA, (b)

and (d), catalysts. The SCR reaction conditions are described in Table 2.1.
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Fig. 2.5. (a) SCR results after 50 ppm SO2 exposure at 400 °C for 6.5 h with 10 and 1% O2 on

degreened catalysts. (b) NH3 oxidation results with 10 and 1% O on degreened catalysts. Reaction

conditions are shown in Table 2.1.

How catalyst surface SO2 oxidation activity impacts SOz poisoning in the presence of water

The results above show the SCR of NOx conversions change after sulfur exposure in the
absence of water (dry). However, the effect of water needs to be considered as it is a primary

component of engine exhaust and is known to affect oxidation reactions among others.

We first tested whether catalyst deactivation with exposure to SOz still showed a dependency
on SO2 oxidation activity in the presence of water. We compared SCR results of the degreened
and HTA catalysts after SO2 exposure in the presence of water at 200 and 400 °C, with NO
conversion results shown in Fig. 2.6. Similar to the trend with SO2 exposure under dry conditions
at 200 °C, both catalysts had similar NOx conversions below 350 °C after SOz exposure in the
presence of water at 200 °C. And again, the SCR performance after SOz exposure at 400 °C in the
presence of water led to different NOx conversions between the two catalysts, see Fig. 2.6 (b). The

degreened catalyst led to lower NOx conversions below 350 °C than the HTA catalyst, again which
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we attribute to the degreened catalyst having a higher SOz oxidation activity. These trends are

consistent with those observed under dry conditions.

SCR experiments after a HTA pretreatment for 10 h and after this pretreatment and a sulfur
exposure in the presence of water have also been conducted. The SCR comparison results are
shown in the Appendix A, Fig. A7 (a) and (b). NOx conversions below 350 °C are similar no matter
what pretreatment conditions after the 200 °C SO2+H20 exposure, with results shown in Appendix
A, Fig A7 (a), but 25 h HTA > 10 h HTA > degreened after 400 °C SO2+H20 exposure, with
results shown in Fig A7 (b). These results again can be attributed to the catalyst surface SO2
oxidation activity difference during SOz exposure. At 200 °C, poor oxidation activity is observed
for all three catalysts. However, at 400 °C, the oxidation activity of the degreened catalyst is higher
than that of the 10 h HTA catalyst, which is higher than that of the HTA catalyst aged for 25 h.

NHs oxidation activity results were also obtained and are shown in Appendix A, Fig. A7 (c).
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Fig. 2.6. SCR results obtained using the degreened and HTA catalysts after 50 ppm SOz exposure
in the presence of 7% water at (a) 200 °C and (b) 400 °C for 6.5 h. The SCR reaction conditions

are described in Table 2.1.
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However, when comparing the extents of deactivation after the samples were exposed to SO2
under dry or wet conditions at 200 °C, it is apparent that including water with SOz led to a loss in
NOx conversion, as shown in Fig. 2.7 (a) and (b). In addition, when exposing the samples to SO2
at 400 °C under wet or dry conditions, see Fig. 2.7 (c) and (d), the degreened catalyst led to a
similar extent of deactivation whether water was included or not, but the NOx conversion over the
HTA catalyst was still more impacted with water present. These results show that there is not only
a dependency on SO2 oxidation activity, but that there is also an additional effect of water. And
this water + SO2 effect is more significant, or becomes apparent, for the catalyst that showed
weaker SOz oxidation activity under dry conditions. At 200 °C, the SO2 oxidation activity is
relatively poor over both catalysts, but during SO2 exposure in the presence of water at 200 °C, for
both the degreened and HTA catalysts, there is deactivation. Thus, this inclusion of water during
the SO2 exposure is relatively significant, and deactivation mainly stems from its effect over just
SO2 exposure alone. However, at 400 °C, the SO2 oxidation activity of the degreened catalyst is
relatively high, so the individual dependence on SOz oxidation activity is still observed. The SO2
oxidation activity of the HTA catalyst is relatively lower, so the inclusion of water during the SO2

exposure is more apparent than that for the degreened sample.

At this stage, we may only speculate as to the origin of this water effect. For example, one
possible explanation is that the presence of water affects the catalytic oxidation of the S species.
Water solvates copper sites leading to higher mobility [32,74], which might influence oxidation
activity. We indeed found that SOz oxidation conversion to SOs is higher in the presence of water
compared to in the absence of water, see in Appendix A, Fig. A8. This does not verify increased
oxidation of surface sulfur species at lower temperatures, but does show improved oxidation at

least. At 400 °C, the catalyst would be relatively dehydrated and an effect of water less likely.
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However, there was still an effect of H20 during the 400 °C exposure, suggesting that even some

residual H20 has an impact on oxidation. With SO3 or oxidized surface sulfur species formation,

H2S04 formation is another possibility. For example, if SO2 oxidation is strongly inhibited by

product SOz, as NO oxidation is by NOz2 [82], then it is possible the immediate formation of H2SO4

from SO3 and H20 would diminish the SOs inhibition. Yet another possibility is the role of H20

itself as an oxidant, as has been proposed for CHa conversion to CH3OH over Cu-zeolite catalysts

[83,84], which might influence the extent of SO2 or surface sulfur species oxidation.
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Fig. 2.7. SCR results comparing exposure to 50 ppm SOz in the presence and absence of 7% H20

for 6.5 h on the (a) degreened catalyst at 200 °C, (b) HTA catalyst at 200 °C, (c) degreened catalyst
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at 400 °C, and (d) HTA catalyst at 400 °C. The SCR reaction conditions are described in Table
2.1.

The effect of water was further tested by comparing the effect of an intermediate water
concentration during SO2 exposure on the HTA catalyst, with results shown in Fig. 2.8. With 0.5%
H20 during SO2 exposure at 200 °C, there was an impact on the extent of NOx conversion loss,
much like that when including 7% water. However, for the SO2 exposure at 400°C, the addition of
0.5% water did not impact catalyst deactivation. Extrapolating on the idea of the water affecting
SO2 oxidation extent, the HTA catalyst has relatively poor oxidation activity at 200 °C under dry
conditions, but with the addition of water either SO2 or surface sulfur species oxidation is enhanced.
The HTA catalyst has higher oxidation activity at 400 °C than at 200 °C, and is also more

dehydrated especially with the smaller gas-phase H20 level, and therefore the effect of the smaller

amount of water is again not as significant.
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Fig. 2.8. SCR results after exposing the HTA catalyst to 50 ppm SO2 for 6.5 h with different water

concentrations: 0, 0.5, and 7% at (a) 200 °C and (b) 400 °C. The SCR reaction conditions are

described in Table 2.1.
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2.5 Conclusions

SCR of NOx by NHs over a Cu-SSZ-13 can be inhibited by sulfur poisoning. In terms of the
commonly identified Cu species in this formulation, literature and our own data suggest that a
sample with more Z2Cu relative to ZCuOH is less susceptible to sulfur poisoning under some
conditions. Furthermore, the catalyst with more ZCuOH appears to be, in general, a better
oxidation catalyst. Mild hydrothermal aging induces the migration of the Cu from ZCuOH to Z2Cu
and at the same time leads to decreased CO, NO, NHs and SOz oxidation conversions. DRIFTS
also correlates the change in NH3 oxidation to a change in relative ZCuOH amounts. We here show
a relationship between the extent of sulfur poisoning in the absence of water to the catalyst’s
oxidation ability. The results after different sulfur treatments, such as SOs exposure, higher
temperature and higher O2 concentration during SO2 exposure all support a mechanism that
includes surface SO2 oxidation leading to more deactivation. This therefore implies that the extent
of poisoning is dependent on the oxidation activity of the different Cu species, not solely on their
relative amounts. For the case of sulfur exposure in the presence of water, similar trends were
observed, with the extent of sulfur poisoning correlated to the catalyst’s SOz oxidation reaction
activity. However, the inclusion of water causes further deactivation during SO2 exposure at 200
°C, and also at 400 °C, but to a lesser extent, likely due to a more dehydrated condition. We

speculate that the inclusion of water affects oxidation reaction extents over this Cu-SSZ-13 catalyst.
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Chapter 3. Probing Cu Dimers before and after Sulfur Poisoning

3.1 Introduction

Cu-SSZ-13 is commonly used in the diesel engine after-treatment system as a catalyst to reduce
NOx. It can reach high NOx conversion over a wide range of temperatures, has good hydrothermal
stability, and good hydrocarbon poisoning resistance compared to other Cu zeolite catalysts

[16,24,51,61,63,85].

Even though Cu-SSZ-13 has advantages over other SCR catalysts and is commercially used,
sulfur, an element in the diesel fuel and lubricant oil, can deactivate the catalyst. Two types of
deactivation mechanisms have been proposed. One is pore-blocking by SO2-related species
[45,86-89]. The other proposed is that SO2-related species poison the Cu active sites. Z2Cu and
ZCuOH have been identified under inert conditions, and are the ion exchanged Cu associated with
the active sites [25,32,39]. Prior studies showed that sulfur interacts with Z2Cu and ZCuOH
differently. SOz is more likely to interact with ZCuOH and forms CuSOa species which requires
relatively high temperature to decompose [44,49,50]. Based on this, Wei et al. and Xi et al. both
found that catalysts after mild hydrothermal aging, which transforms ZCuOH to Z2Cu, were less
poisoned by sulfur [58,73]. Our previous work in Chapter 2 further showed that the extent of sulfur
poisoning had a strong correlation with the catalyst oxidation activity, which is influenced by the
relative ZCuOH and Z2Cu amounts. With S species oxidation on the catalyst surface, more

deactivation is observed [90].

A recent study showed that SOz reacts with [Cu''2(NHz3)402]*" dimers under SCR conditions
[91]. Based on this study, we tried to understand whether other Cu dimers formation without NH3
in the environment, such as ZCuOCuZ species, could react with sulfur species. Li et al. showed

that the Cu-SSZ-13 sample with predominantly ZCuOH when synthesized could form Cu dimers
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after high temperature treatment with Oz [70]. Goltl et al. suggested that Z2Cu in a six member
ring is too narrow for a dimer to form [92], which further supports that Cu dimers can only be

formed by ZCuOH.

In this work, we further conducted SCR rate experiments to understand the sulfur poisoning
and regeneration effects on the catalysts. We found that SCR reaction rate decreased after sulfur
exposure. We hypothesize this decrease is likely due to the Cu dimers poisoned by sulfur species.
CO titration and diffuse reflectance ultraviolet-visible (DR UV-Vis) spectroscopy were used to
study the amount of the Cu dimers before and after sulfur poisoning. Da Costa et al. showed that
Cu?" monomers cannot reduce with CO, but CO can react with Cu dimers and form CO2 [93]. The
reaction is shown in equation (3-1). By using this method, we can quantify and compare the CO2
formed during CO exposure before and after sulfur exposure and using the stoichiometry in

equation (3-1) can quantify the amount of Cu dimers on the catalyst.
[ZCu-O-CuZ]** + CO — 2ZCu* + CO2 (3-1)

In terms of DR UV-Vis spectroscopy, literature shows that four peaks representing ZCuOH
and Cu dimers appear in the d-d transition region after catalysts containing ZCuOH are exposed
to Oz at high temperature [40,70,94]. We therefore used this technique to see if exposure to sulfur

would affect this region and how.
3.2 Experimental Methods

A Cu-SSZ-13 monolith-supported catalyst with 600 cells per square inch (cpsi) cell density
was provided by Cummins Inc. The catalysts were core drilled from the monolith, to 45 cells with
2.9 cm length for the experiments. Each piece of monolith catalyst was wrapped with ceramic fiber

strings and loaded in a quartz tube, purchased from Quartz Scientific. The tube was then put in a
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Lindberg Blue M furnace. Catalyst upstream and downstream temperatures were measured by K

type thermocouples, purchased from Omega.

The total flow rate for each reactor experiment was 1403 sccm, which corresponds to a 60,000
h? space velocity. Gas cylinders were purchased from Praxair. Gas flow rates were metered by
mass flow controllers, purchased from MKS Instruments. The steam flow rate was metered by a
controlled evaporation mixer (CEM) purchased from Bronkhorst. The carrier gas of the steam was
N2. Sulfinert tubing, purchased from Swagelok, was used to prevent corrosion by sulfur and limit
its adsorption on the tubing walls. The tubing was heated to 150 °C. Gas mixture concentrations

and catalyst outlet gas concentrations were monitored by a MKS MultiGas 2030 FT-IR.

Before experiments, a mild hydrothermal aging (HTA) was conducted at 650 °C for 5 h with
the conditions listed in Table 3.1. For experiments with catalysts was not exposed to sulfur, an Oz
pretreatment was conducted at 500 °C for 1 h with the conditions listed in Table 3.1. Then the
temperature was cooled to 150 °C for experiments. CO exposure and NH3-SCR experimental
conditions are listed in Table 3.2. CO titration experiments were done for 24 h if the catalyst was
not exposed to sulfur. If the catalyst was exposed to sulfur, CO titration experiments were done
long enough to make sure that the CO2 concentration decreased to zero. SCR experiments were
conducted in a steady-state condition and stepwise decreased temperature. SOz and SOz + SOs
exposure were conducted at 425 °C. The total sulfur exposure corresponds to a loading on the
catalyst of 55 g/L, i.e. this would be the loading if all sulfur adsorbed. If there was a regeneration
process after sulfur exposure, it was conducted at 575 °C for 1 h with the conditions listed in Table
3.1. After sulfur exposure, an Oz pretreatment was conducted at 400 °C, with a temperature ramp

rate of 2 °C/min. The conditions are listed in Table 3.1. Based on the literature and our
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experimental data, no sulfur was released up to or at 400 °C [48,95]. Then, the temperature was

cooled to 150 °C for CO and SCR experiments.

Table 3.1 Pretreatment conditions

Reactions SOz (ppm)  SOs (ppm) H20 (%) 02 (%) N2
HTA - - 7 10 Balance
O2 pretreatment - - - 10 Balance
SO2 exposure 30 - 7 10 Balance
SO2 + SOs exposure 5 25 7 10 Balance
Regeneration after
- - 7 10 Balance
sulfur exposure*
* If not specified, the regeneration process was not conducted.
Table 3.2 Reaction conditions used
Reactions  NHs (ppm) NO (ppm) CO (ppm)  H20 (%) 02 (%) N2
SCR 200 200 - 7 10 Balance
CO titration* 200 - 1000 - - Balance
* Unless specified, CO titration was conducted at 150 °C.
Calculations include:
NOx conversion during SCR reaction = N9in=MOxout ¢ 1094, (3-2)

Xin

A PerkinElmer Lambda 850 DR UV-vis spectrometer was used to characterize whether Cu

dimers appear on the Cu-SSZ-13 catalyst before and after sulfur exposure. We used a Harrick

Scientific Praying Mantis cell and UV grade SiO2 windows. Catalyst powder was scraped from

the monolith-supported catalysts before and after S exposure. These were filled into a sample cup
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and the sample surface was leveled to the cup height. The total flow rate for these experiments was
50 sccm. The gas was Ultra Zero Air, purchased from Praxair, with 19.5 — 23.5% Oz, < 2 ppm
H20, 0.5 ppm CO2, 0.5 ppm CO, 0.5 ppm total hydrocarbon content, and balance N2. Spectra were
scanned before, during, and after a dry air pretreatment on the sample at 400 °C with dry air for 1

h.

3.3 Results and discussion
Sulfur poisoning study without regeneration after sulfur exposure

NOx conversions were measured at levels under 20%, using this as simply a rule of thumb type
of value to obtain the SCR kinetic results, before and after sulfur exposure. The plot of conversions
as a function of temperature is shown in Fig. 3.1 (a) and the SCR reaction pre-exponential and
activation energy results are listed in Table 3.3. Dhillon et al. calculated the Weisz-Prater number
of the SCR reaction on a Cu-SSZ-13 monolith catalyst with 66,000 h™ space velocity. They found
that the number is larger than 1 when the reaction temperature is higher than 250 °C. Since their
reaction conditions are similar to us, we assume that our results presented here were not in internal

mass transfer limitation [96].

After SOz or SOz + SO3 exposure without regeneration, catalyst NOx conversions decrease
compared to the NOx conversion before sulfur exposure. The Arrhenius plots from the SCR results
are shown in Fig. 3.1 (b). Both pre-exponential factor and activation energy values on the sulfur
poisoned samples decreased from 93 kJ/mol (before sulfur poisoned) to 53 (SO2 poisoned) and 55
(SO2 + SOs3 poisoned) kJ/mol. The inclusion of SO3 decreases the NOx conversion slightly more
than that compared to SO2 poisoning, but the SCR activation energy and pre-exponential factor

after SOs poisoning are similar to those after SO2 poisoning.
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The values of the SCR reaction activation energy before and after sulfur exposure are also
close to the values reported in the literature [44,58]. The decrease might be related to a mass
transfer limitation or a change in the reaction mechanism, or rate determining step of the
mechanism [97]. However, our current results cannot definitively differentiate which leads to the

decrease of the activation energy.

If the activation change after sulfur exposure is not due to a mass transfer limitation, something
in the SCR mechanism changes. The usually used SCR mechanism at low temperature, without
sulfur exposure, is driven by two Cu'(NHs)2 reacting with an Oz molecule to form a Cu(NHz)2-Ox2-
Cu(NHs)2 dimer [33]. However, this Cu dimer species can react with sulfur species [91] and with
its loss might lead to a decrease in SCR activity. Another possibility is that the Cu(NHz3)2-O2-
Cu(NHs)2 dimer might not be able to form after sulfur exposure, with the Cu bound to sulfur
inhibiting its mobility or ability to form the dimer. If so, the SCR reaction is not limited to the

monomer.

The research of sulfur could react with Cu dimers led us to probe whether Cu dimers were still
on the catalysts after sulfur exposure. We studied the static Cu dimers which are ZCu-O-CuZ like
species, different from the literature that there was NHs on the catalyst [91]. To titrate the amount
of static Cu dimers, literature shows that CO titration can be used, with the equation shown in

equation (3-1) [93].
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Fig. 3.1. (a) NOx conversions and (b) Arrhenius plots obtained during the SCR reaction with

conditions described in Table 3.2. Catalysts include before sulfur exposure and with and without

regeneration after SOz and SOz + SOs exposure.

Table 3.3 SCR reaction activation energies and pre-exponential factors measured using catalysts

with different sulfur exposure conditions

Conditions No sulfur SO2 SO2+S03 SOz, regen SOz + SOg, regen
Ea (kJ/mol) 93 53 55 85 58
A (s 2.4 % 108 1.2 x 10° 1.4 x 103 2.1 x 107 4.9 x 10°

The results of CO titration experiments are listed in Table 3.4. After sulfur exposure without

regeneration afterwards, the amount of CO2 formed from CO titration experiments decreased

significantly, from 29 pmol/g before S exposure to lower than 0.5 pmol/g. Based on the

stoichiometry from Equation (3-1), the amount of Cu dimers can be obtained. The results show

that Cu dimers cannot be titrated by CO after sulfur exposure, or were not formed. It implies that
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Cu dimers are one of the sites that sulfur species can poison either by blocking their formation or

blocking their ability to be titrated from CO.

Table 3.4 CO titration results after different sulfur exposure conditions

Conditions No sulfur SO2 SO2 + SOs SO2,regen  SO2 + SOs, regen
CO2
29 0.46 0.33 12.5 1.1
(nmol/g)

DR UV-Vis spectroscopy can be used to characterize some Cu species. Li et al. showed that
after a high temperature Oz pretreatment, 4 peaks were observed in the d-d transition region on
catalysts with ZCuOH. These 4 peaks shrank to one single peak after CO exposure, leaving behind
isolated ZCuOH [70]. If indeed these peaks characterize Cu dimer species, then if the CO titration
results above accurately show that Cu dimers are not present after S exposure, then the UV-Vis

peaks should also be absent.

The UV-Vis spectra for the catalyst before sulfur exposure are shown in Fig. 3.2. Three curves
are shown in the spectra, which are spectra collected before, during, and after a 400 °C dry air
pretreatment. Before a high temperature dry air pretreatment, there was only a peak shown in the
d-d transition region. Moisture inhibits the Cu dimer formation. Giordanino et al. showed similar
spectra with only one peak in the d-d transition region for hydrated Cu-SSZ-13 [40]. As there was
no pretreatment for our sample, it is likely hydrated via ambient exposure. We also did a CO
titration experiment with 7% H20 at 200 °C, see Fig. 3.2 (b). Little, 0.42 umol/g, CO2 was detected
during the CO titration experiment. These results provide support that little to no Cu dimers were

formed in a hydrated environment. During and after a high temperature dry air pretreatment, three
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peaks are shown in the d-d transition region. The high temperature dry air pretreatment removed
water in the catalyst, so that Cu dimers were formed. Since the UV-Vis spectrometer cannot scan
the region higher than 900 nm, or lower than 11111 cm, the fourth peak that is reported close to
10000 cm™ cannot be detected. The remaining three peak positions are similar to the peak positions

reported in the literature [40,70].
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Fig. 3.2. DR UV-Vis spectra of the fresh catalyst before, during, and after a 400 °C dry air
pretreatment. The spectra before and after the 400 °C dry air pretreatment were collected at 27 °C.
(b) CO titration with 7% H20 included on the hydrothermally aged Cu-SSZ-13 catalyst. The gas

concentration was 200 ppm CO, 7% H20 and balance N2. This CO titration experiment was done

at 200 °C.

The DR UV-Vis comparison spectra of all 5 catalysts with and without sulfur exposure are
shown in Fig. 3.3. The spectra were collected after a 400 °C dry air pretreatment. The spectra
obtained from catalysts that were exposed to sulfur without a following regeneration did not show

a clear peak in the d-d transition region, see Fig. 3.3 (a). This suggests that both SO2 and SO2 +
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SOs exposed catalysts lose most of the Cu dimers during sulfur exposure. The results are consistent

with the CO titration results.
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Fig. 3.3. DR UV-Vis spectra obtained from the Cu/SSZ-13 catalysts before and after SO2 and SO2
+ SO3 exposure, with and without regeneration. (a) Comparison spectra of catalysts before and
after SO2 and SO2 + SO3 exposure without regeneration. (b) Comparison spectra with and without
regeneration after SOz exposure. (c) Comparison spectra with and without regeneration after SO2
+ SO3 exposure. (d) Comparison of all 5 spectra. All 5 spectra were collected at 27 °C after a 400

°C dry air pretreatment for 1 h.

47



Sulfur poisoning study with regeneration after sulfur exposure

After regeneration at 575 °C, the SOz + SOs exposed catalyst has a slight improvement in NOx
conversion compared to no regeneration, see Fig. 3.1 (a). The activation energy remained about
the same, measured as 55 kJ/mol before and 58 kJ/mol after, see Table 3.3. The pre-exponential
factor increased slightly, from 1.4 x 10° to 4.9 x 10° after regeneration compared to no
regeneration. This suggests that some active sites were regenerated. This suggests overall that the
high temperature regeneration used with the SOz + SOs exposed sample did not change the rate
limiting step of the SCR reaction mechanism or mass transfer limitations were still maintained,

compared to the case of no regeneration.

In the case of regeneration after SOz exposure, SCR NOx conversion increased and is close to
the conversions obtained from the fresh catalyst. The activation energy and pre-exponential factor
also increased and are similar to the original values. The increase in activation energy suggests
that the SCR mechanism changes back to the original pathway, or the mass transfer limitations by

sulfur are removed.

CO titration results show similar trends as the SCR rate results. Little CO2 was formed, 1.1
umol/g, when CO titrated the sample that was regenerated after SO2 + SOs exposure, but 12.5
umol/g of CO2 was detected when CO titrated the sample that was regenerated after SOz exposure.
The results suggest that the regeneration process recovered little Cu dimers for the sample that was
poisoned by SO2 + SOs, but the regeneration process recovered a significant amount of Cu dimers

for the sample that was poisoned by SOa.

DR UV-Vis results, see Fig. 3.4, are also consistent with the CO titration results. The spectrum

from the catalyst exposed to SOz and regeneration afterwards shows 3 peaks in the d-d transition
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region, see Fig. 3.4 (b). This is consistent with the CO titration data that showed regeneration of
SO2 exposed catalyst can recover Cu dimers. On the other hand, the spectrum of the catalyst
exposed to SO2 + SOs and regeneration afterwards does not contain such distinct peaks in the d-d
transition region, see Fig. 3.4 (c). This is again consistent with the CO titration data where
regeneration of the SOz + SO3 exposed catalyst can only recover a limited amount of the originally

observed Cu dimers.

It is interesting to note that the regeneration process did not have a clear impact on the sample
that was poisoned by SO2 + SOs, but it did on the sample that was poisoned by SO2. A possible
explanation is that there were at least two sulfur species formed during sulfur exposure. Assuming
so, one of them is more stable than the other. The more stable species formed either from SOs in
the feed binding with Cu sites or from SOz oxidation on the Cu sites to a more oxidized S species.
The less stable species was formed by SO binding on the Cu sites, possibly forming CuHSOs
species [44]. Deka et al. did a TPD experiment on a 0.41 wt% of sulfur loaded field aged Cu-SSZ-
13 catalyst. They assigned a SOz release peak at 590 °C to copper bisulfite, formed as in reaction,
and assigned another SO2 release peak at 680 °C to copper bisulfate [95]. These assignments might
explain our results. The 575 °C regeneration can lead to the decomposition of the copper bisulfite
but cannot decompose the copper bisulfate. However, those TPD results are not further supported
by other characterization techniques, so such assignments need more verification. For example, Su
et al. did TPD experiments with a sulfur poisoned Cu-SSZ-13 catalyst and they assigned the peak
at around 600 °C to copper sulfate [48]. Thus, we can only hypothesize that there are two different

sulfur species. The exact species require further characterization.
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3.4 Conclusions

In this portion of the research, we studied how exposure of a Cu-SSZ-13 catalyst to SOz or
SO2 + SO3 impacted the SCR conversion as well as number of Cu dimer sites that could be titrated
by CO exposure. From the SCR experiments, the SCR reaction activation energy and pre-
exponential factor decreased after SOz or SOz + SO3 poisoning. CO titration and UV-Vis results

both show that catalysts lost Cu dimers after sulfur poisoning.

In terms of regeneration impact, the regeneration process led to more significantly recovered
conversion for the catalyst exposed to SO2 compared to the catalyst exposed to SOz + SOs. The
SCR reaction pre-exponential factor and activation energy of the catalyst exposed to SO2 both
increased after regeneration. The CO titration and UV-Vis results suggest that Cu dimers were
recovered during regeneration. On the other hand, regeneration of the catalyst exposed to SOz +
SOs only led to a slight increase in the pre-exponential factor, and the activation energy did not
change. The CO titration and UV-Vis results again followed the SCR reaction test trend, with little
recovery of UV-Vis features associated with dimers and no CO2 formed during the CO titration
experiment. The different impact of regeneration on SO2 exposed and SOz + SO3 exposed catalysts

are hypothesized to be because of two different sulfur species formed on the catalyst.
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Chapter 4. Ethylene Effect on Cu Sites Transformation during Hydrothermal Aging

4.1 Introduction

The inhomogeneous fuel and air mixture in the diesel engine leads to different types of
emissions, such as unburned hydrocarbons, CO, NOx, SOx, and particular matter. A typical diesel
engine aftertreatment system contains a diesel oxidation catalyst (DOC), diesel particular filter
(DPF), and selective catalytic reduction (SCR) and ammonia slip catalysts (ASC). Even though
the DOC upstream of the SCR catalyst oxidizes most of the hydrocarbons and CO, there are still
some ppm levels of hydrocarbons detected before the SCR catalyst [98,99], particularly during the
cold-start period [26,100-102], where the temperature of the DOC is not high enough to oxidize

the hydrocarbons.

Hydrocarbon poisoning of SCR catalysts has been researched. Cu-ZSM-5, Cu-beta, Fe-ZSM-
5, and Fe-beta were first investigated, and the SCR reaction conversions over all four catalysts
decreased with exposure to propylene (CsHs) [85,98,100,101,103]. Luo et al. investigated CsHs
poisoning and dodecane poisoning over Cu-beta and Cu-CHA catalysts. They found that the small-
pore catalyst, Cu-CHA, could resist both CsHs and dodecane poisoning compared to the Cu-beta
catalyst [85]. Even though the Cu-CHA catalyst can better resist the hydrocarbon poisoning, Ma
et al. reported that the Cu-SSZ-13 catalyst still suffered from CsHs poisoning during SCR reactions

[104].

Hydrothermal aging at high temperatures is another factor resulting in deactivation of SCR
catalysts. Even though the hydrothermal stability of the Cu-CHA catalyst is higher compared to
other Cu-zeolite catalysts, Cu-CHA still suffers from hydrothermal aging deactivation if the

temperatures are too high [52-55]. Some literature further investigated the extent of hydrocarbon
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poisoning before and after the hydrothermal aging [19,102]. The extent of hydrocarbon poisoning
on Cu-SSZ-13 became more severe after hydrothermal aging compared to the extent of

hydrocarbon poisoning on the fresh catalyst [19,102].

One area that has not been explored is the effect of hydrocarbons in the composition of the gas
stream during hydrothermal aging. In this study, we used C2Has as a representative short chain
hydrocarbon, see Fig. 4.1, and show that after 1 hour of mild hydrothermal aging at 600 °C, 100%
conversion of C2H4 was no longer observed and that the conversion slowly decreased with further
time. We found that high temperature SCR and oxidation activity of the Cu-SSZ-13 catalyst after
HTA with CzH4 included was affected when compared to HTA with no CzHs included. We
hypothesized that either the formation of coke hinders the Cu sites transformation from ZCuOH
to Z2Cu or a back transformation from Z2Cu to ZCuOH occurs during HTA + C2H4. Other effects
of hydrothermal aging with other different exhaust components included on SCR performance

were also investigated.
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Fig. 4.1. Comparison of C2Ha concentration change during HTA + C2Ha. The aging condition is
detailed in Table 4.1 in the Experimental Methods section. In one experiment 1% Oz was included
in the other 10% Oa.
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4.2 Experimental Methods

The catalysts used in the experiments were taken from a Cu-SSZ-13 washcoated monolith
provided by Cummins Inc. The cell density of the monolith is 300 cpsi and 21 cells with 2.9 cm
in length of the monolith were used in the experiments. Every catalyst was wrapped with ceramic
fiber strings before loading into a quartz tube, purchased from Quartz Scientific. The tube was then
placed in a Lindberg Blue M furnace. The upstream and downstream temperatures of the catalyst

were measured by K-type thermocouples purchased from Omega.

The total flow rate for all reactor experiments was 1360 sccm, which corresponds to a 62,300
h space velocity. NO, NHs, CO, C2Ha, N2, Oz, and CO2 gases were used in the experiments. Gas
cylinders were either purchased from Praxair or Matheson. A N2 generator, purchased from Parker
Balston, was used for the supplementary N2. Gas flow rates were metered by mass flow controllers
(MFC), purchased from MKS Instrument. The steam flow rate was metered by a controlled
evaporator mixer (CEM), purchased from Bronkhorst. The carrier gas for the steam was N2. All

reactor tubing was kept at 150 °C using heating tapes and wrapped insulation.

A mild hydrothermal aging at 600 °C for 25 h with different simulated exhaust mixtures was
conducted before experiments. Details of the concentrations are listed in Table 4.1. Prior to each
experiment, an Oz pretreatment with 10% Oz and N2 balance at 500 °C was conducted for 1 h.
After the Oz pretreatment, the temperature was cooled to 150 or 200 °C depending on the
experiment. Gas concentration details for each experiment are listed in Table 4.2. NH3-SCR, NH3
oxidation, and NO oxidation experiments were conducted under steady-state conditions, starting

from 200 °C (150 °C if the experiment is SCR) and stepwise increasing to 550 °C, while CO
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oxidation was conducted with a temperature program, starting from 200 °C and with a 10 °C/min

of increasing rate to 550 °C.

Table 4.1 Mild hydrothermal aging at 600 °C for 25 h with different exhaust conditions

Conditions 02 (%) H20 CO2 NH3 NO CcoO CoHa4 N2
6 (%) (ppm)  (ppm)  (ppm)  (ppm)
HTA 10 7 8 - - - - Balance
HTA + -
10 7 8 200 - - Balance
NH3
HTA + NO 10 7 8 - 200 - - Balance
HTA + CO 10 7 8 - - 200 - Balance
HTA + 500
10* 7 8 - - - Balance
CoHa4
* If not specified, 10% O2 was used during HTA + C2Ha.
Table 4.2 Reaction conditions used
Reactions NH3 NO (6{0) SOz H20 CO2 Oz N2
(ppm)  (ppm)  (ppm)  (ppm) (%) (%) (%)
SCR 200 200 - - 7 8 10 Balance
NO
- 200 - - 7 8 10 Balance
oxidation
NH2
200 - - - 7 8 10 Balance
oxidation
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CO

- - 200 - 7 10 Balance
oxidation
Calculations include:
. . . NOx;—NOyxoue
NOx conversion during SCR reaction = — o X 100% (4-1)
NO oxidation conversion = NO“‘_—W X 100% (4-2)
NHs oxidation conversion = % X 100% (4-3)
3in
CO oxidation conversion = £2n=%Oout o 10, (4-4)

in

NHs adsorption experiments with diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS) was used to characterize the T-O-T vibration region of catalysts after the HTA with

exposure to different simulated exhaust mixtures. A Nicolet iS-50 FT-IR spectrometer with a

Harrick Scientific Praying Mantis cell and ZnSe windows were used. Catalyst powder was scraped

from the monolith-supported catalysts. The powder was filled into a sample cup and the sample

surface was leveled to the cup height. A mixture of dry ice and isopropanol was used as a cold trap

to remove residual water from the inlet line into the cell. The total flow rate for all experiments

and treatments was 50 sccm. Before experiments, catalysts were exposed to 10% O2 and balance

He at 500 °C for 1 h (O2 pretreatment). Then, the system was cooled to 120 °C. The background

spectrum was taken after the catalyst had cooled to the target temperature. For NH3 adsorption

experiments, the experiments were conducted at 120 °C with 2000 ppm NHs and balance He.
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4.3 Results and Discussion

Catalyst oxidation activity decreases less after HTA + C2Ha4 compared to after just HTA

SCR reaction conversion results before and after mild HTA are shown in Fig. 4.2 (a). Below
350 °C, similar NOx conversions are obtained. The results are consistent with the literature
[49,52,62,63,74] and the results shown in Chapter 2. Above 350 °C, the HTA catalyst resulted in
a higher NOx conversion compared to the fresh catalyst. SCR reactions at high temperatures are
affected by the NH3 oxidation reaction, which becomes significant at high temperatures, shown in
Fig. 4.2 (b). The loss of NHs reacting with Oz instead of NO leads to the loss of NOx conversion

at high temperatures [17,49,63].

The SCR performance after HTA with different exhaust components included were measured
to understand the effect of these components on the catalyst aging. The results are shown in Fig.
4.2 (c). In this set of experiments, NHs, NO, and CO were chosen as different components. The
results show that these have little impact on the catalyst changes during HTA. However, SCR
performance at high temperatures increased slightly less after HTA + CzHa4, compared to HTA.
The results are shown in Fig. 4.2 (a). From previous discussion, SCR performance at high
temperatures is affected by NHs oxidation reactions. The results in Fig. 4.2 (b) illustrate that the
NH3 oxidation activity of the catalyst after HTA + CzHa4 was higher than that after HTA, which is

consistent with the previous discussion.
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Fig. 4.2. Comparison of (a) SCR performance and (b) NHs oxidation performance before and after
HTA and HTA + C2Hs and (c) the SCR performance after HTA + NHs or NO or CO. The aging
conditions are listed in Table 4.1 and the SCR reaction conditions are listed in Table 4.2. Note that
fresh catalyst was not hydrothermally aged.

DRIFTS characterization was used to help understand the change in NHs oxidation and SCR
performance after HTA + C2H4 compared to after HTA only. Based on the literature, the T-O-T
vibration region of the DRIFTS spectra, 850 — 1000 cm™, can be used to distinguish the relative
amount of ZCuOH and Z2Cu by NHs adsorption [39,44,56,63], results shown in Fig. 4.3. The 900

cm? peak is assigned to NH3 adsorption on Z2Cu and the 950 cm™ peak is assigned to NHz3
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adsorption on ZCuOH [39,44,56,63]. The 900 cm™ peak was normalized for better comparison of
the 950 cm™ peak between fresh (before HTA), HTA, and HTA + C2Ha. The results show that
HTA + C2Hs had a “lower” peak than HTA. This indicates that the proportion of ZCuOH/Z2Cu is
more on the HTA + C2H4 sample compared to that of the HTA sample. Literature [17,49,76] has
shown that the catalyst NH3 oxidation activity is related to the amount of ZCuOH. The DRIFTS
results and the literature explain that the difference of the NHs oxidation activity between the

catalyst after HTA and HTA + C2Ha is due to a different amount of ZCuOH.
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Fig. 4.3. DRIFTS spectra of NHs adsorption on fresh (before HTA), HTA, and HTA + C2Has
samples. The aging conditions are listed in Table 4.1. NHs adsorption conditions: 1000 ppm NH3
and balance He at 120 °C.

There are two possible hypotheses to explain why the amount of ZCuOH on the catalysts
changed after including C2Ha during the mild hydrothermal aging. The first one is pore blocking
caused by C2Hs which slightly hinders the ZCuOH transformation to Z2Cu during HTA. The
second is a back transformation of Z2Cu to ZCuOH. Here, only the second hypothesis was tested.
The results are shown in Fig. 4.4. A 50 h HTA was first done, to transform some ZCuOH to Z2Cu.

Then, a 25 h HTA + CzH4 was done with the same catalyst that had experienced 50 h HTA. The
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comparison of SCR performance shown in Fig. 4.4 (a) shows that the hydrothermal aging with
ethylene after 50 h HTA had slightly lower NOx conversion above 400 °C. The higher temperature
SCR performance difference between two aging conditions indicates that the ZCuOH amounts in
the catalyst after these two different aging conditions are different. To be specific, the catalyst after
the additional hydrothermal aging with ethylene has more than the catalyst that only experienced
50 h HTA. If ethylene does not have any effect during the hydrothermal aging process, less ZCuOH
amount should be expected. Thus, the results imply that a back transformation from Z2Cu to
ZCuOH occurred when including ethylene during mild hydrothermal aging. The NH3 oxidation
comparison results, shown in Fig. 4.4 (b), support this finding. The NHs oxidation activity of the
catalyst after additional HTA + C2Ha is higher than that after HTA only. Based on the previous
discussion that NHs oxidation activity is related to the amount of ZCuOH, the catalyst after
additional HTA + C2Hs had more ZCuOH than the catalyst after HTA only. Furthermore, NO
oxidation and CO oxidation performance, shown in Fig. 4.4 (c) and (d), were also done and they

both show the same trend as NH3s oxidation.
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Fig. 4.4. (a) NHs-SCR, (b) NHs3 oxidation, (c) NO oxidation, and (d) CO oxidation performance
comparison between the catalyst before HTA, the catalyst after 50 h HTA and the catalyst after
additional 25 h HTA + C2Ha after 50 h HTA. The SCR, NHs oxidation, NO, and CO oxidation
conditions are listed in Table 4.2. The HTA conditions are listed in Table 4.1.

The DRIFTS experiments with NHs adsorption as a probe technique were used to further
characterize the amount of ZCuOH and Z2Cu between catlaysts before HTA, after 50 h HTA,
and the additional HTA + C2H4 after 50 h HTA. The results are shown in Fig. 4.5. The 900 cm™
peaks were normalized to compare the 950 cm™ peaks between samples. The results show that

the peak intensity of the catalyst after additional HTA + C2Ha is slightly higher than the catalyst
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after 50 h HTA only. The results again illustrate that the ZCuOH amount of the catalyst after
additional HTA + CzH4 is more than the catalyst after 50 h HTA. This further supports that a

back transformation from Z2Cu to ZCuOH occurred after including ethlyene during HTA.
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Fig. 4.5. DRIFTS spectra of NHs adsorption on fresh (before HTA), 50 h HTA, and an additional
25 h HTA + C2Hg4 after 50 h HTA samples. The aging conditions are listed in Table 4.1. NH3

adsorption conditions: 1000 ppm NHs3 and balance He at 120 °C.

4.4 Conclusions

Catalyst SCR performance and oxidation conversion are measured after hydrothermal aging
with different exhaust mixtures. We found that mild hydrothermal aging with ethylene leads to
high-temperature SCR reaction conversion decrease and NHsz oxdiation conversion increase
compared to the same after mild hydrothermal aging without ethylene included. DRIFTS spectra
showed that the Cu distribution changed between mild hydrothermal aging with and without
ethylene. We propose that the inclusion of ethylene can transform part of the Z2Cu to ZCuOH. An
additional mild hydrothermal aging with ethylene after 50 h of mild hydrothermal aging was
conducted to test this. The SCR raciton conversion decreased and NHs, NO, and CO oxidation
conversion increased compared to the performance after 50 h mild hydrothermal aging. The
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DRIFTS spectra show that the ZCuOH peak intensity after the additional mild hydrothermal aging
with ethylene is greater than the ZCuOH peak intensity after 50 h mild hydrothermal aging. These
DRIFTS and oxidaiton results support the hypothesis that the Z2Cu transforms to ZCuOH during

HTA, opposite of the nornal trends.
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Appendix A. Supporting Information of Chapter 2. How Changes in Cu-SSZ-13 Catalytic

Oxidation Activity via Mild Hydrothermal Aging Influence Sulfur Poisoning Extents
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Fig. A.1. N2O formation comparison between degreened and HTA pretreated Cu-SSZ-13 catalysts

during NH3-SCR reactions.

B @ 7

S s T

S S

X x I

c C b

=] >

= =T

g gL — 120°C

© © = 200 °C

< =N — 300 °C

< < F 400 °C
+ NHs3-TPD 500 °C + NH3-TPO 500 °C

2 1 2 1 2 2 1 2 1 2
1000 950 900 850 1000 950 900 850
Wavenumber (cm™) Wavenumber (cm™)

Fig. A.2. DRIFTS results obtained during (a) NHs-TPD and (b) NHs-TPO experiments on the
Cu-SSZ-13 catalyst after scraping from a monolith brick. Both experiments were conducted after

oxygen pretreated at 500 °C for 1 h, cooling to 120 °C in He and then 1000 ppm NHs balance in
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He. For the TPD, He was used while 10% O2 balance in He was used in the TPO experiment.

The temperature ramp was 10 °C/min.
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Fig. A.3. DRIFTS NHs adsorption spectra comparison between the degreened and HTA catalysts
in (a) the T-O-T vibration region and (b) the Brgnsted and Lewis acid sites region. The spectra
were normalized separately in these two regions. In (a), the spectra were normalized using the 900

cm® feature while in (b), the spectra were normalized using the 1620 cm™ feature.
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Fig. A.4. NHs oxidation conversion over the degreened catalyst before and after sulfur exposure
at 400 °C SO2. During the NHs oxidation experiment, 10% Oz, 7% H20, 8% CO2, 200 ppm NHs3

and balance in N2 were used.
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Fig. A.5. A comparison of SCR results after (a) 25 ppm SOz and 25 ppm SOs exposure at 200 °C
and after (b) 50 ppm SO:2 exposure at 200 °C for the degreened and HTA catalysts. The SCR

reaction conditions are described in Table 1.
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Fig. A.6. A comparison of SCR results after a 50 ppm SO2 exposure at 200 and 400 °C on the (a)

degreened and (b) HTA catalysts. The SCR reaction conditions are described in Table 1.
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Fig. A.7. A comparison of degreened, 10 h HTA and HTA (for 25 h) after (a) 200 °C and (b) 400

°C SO2 + H20 exposure. The NH3 oxidation comparison before sulfur exposure between three

samples is shown in (c). The SCR and NHs oxidation conditions are listed in the experimental

methods session.
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Fig. A.8. SOz oxidation over the degreened catalyst. The SO2 oxidation conditions in the absence
of water were 50 ppm SO2, 10% Oz and balance in N2 and the SOz oxidation conditions in the

presence of water were 50 ppm SOz, 10% Oz, 7% H20 and balance in Na.
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