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Abstract

The increasingly strict emission standards haveedrihe progress of NGtorage and
reduction (NSR) technology. NOs stored in a lean NCirap (LNT) catalyst during fuel-lean
mode and reduced to,uring fuel-rich mode.

First, we investigated the impact of ceria on N$Ran Pt/Ce LNT catalyst. The
physisorbed oxygen over the ceria-containing LN®&lyat led to a spatio-temporal temperature
rise in the monolith upstream after the cyclic adiuction of H/CO to a pre-oxidized catalyst.
The stored oxygen over ceria enhanced NO storage-fiyu NG, formation, while it competed
with NO, for storage sites. During the N@duction over the Pt/Ceria, the Pt surface piogat
was the first step and the oxygen reduction pretéue NQ reduction.

Second, we studied the NSR by dual-layer catalgstsisting of a selective catalytic
reduction (SCR) catalyst layer on top of a LNT baia During periodic switching between lean
and rich feeds, the LNT layer reduced NtO N, and NH. The SCR layer trapped the latter
leading to additional NQreduction.

The dual-layer catalysts exhibited high s&lectivity and low NH selectivity over the
temperature range of 150-400 °C. The,Nfnversion was incomplete due to undesirecs NH
oxidation. The dual-layer catalyst has a higher, M@nversion and Nselectivity than the LNT
catalyst when KD and CQ were present in the feed.

Ceria was used to adjust the dual-layer catalyfopeance. The ceria addition increased
NO, storage capacity, promoted hydrothermal durabditg mitigated CO poisoning. However,
ceria decreased the high-temperature M@hversion by promoting Nf-bxidation. Ceria zoning
led to the highest NQreduction for both low- and high- temperatures dwuethe beneficial

interaction of ceria and H
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The impact of catalyst design and operation styetess evaluated. The low-temperature
NO, conversion of an aged dual-layer catalyst wassmed by a high SCR catalyst loading. The
ratio of lean to rich feed duration and the totgtle time were optimized to improve the NO
conversion. The results suggest the dual-layedysataould be used to reduce precious metal

loading and improve the fuel economy.
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Chapter 1 Introduction and Background

1.1 Introduction

Mixtures of NO and N(,, referred to NG are air pollutantsBreathing of NQ
irritates the lungsindcauses coughing. The atmosphericyN&€ads to the acid re. The
reactions among N(and other pollutants, such as hydrocarbgeserate smog. Henc
it is important toreducethe NQ, emissionfor environmental protectic. Most of NQ
emission is fromvehicles.Figure 1-1 shows the 201distribution of NG, emissions
based on thelata from U.S. Environmental Protection Agert). Fuel consumption,
industrial processes and other proes contribute ta19% of the total Nt emission,
while 51% of the total Ny emission is from the tailpipes of passenger cansks anc

construction machines. Most (hese are powered by lean bdiase engines.

Other 2%

Transportation

51% Fuel Combustion 37%

Industrial Processes 10%

Figure 1-1The distribution of 2011 Ny emissions according to the U.S. Environme
Protection Agency.



Compared to conventional spark-ignition gasolingjiees, lean burn diesel
engines provide higher power output, longer med@ndurability and better fuel
economy®®. The main advantages of lean burn diesel engiignate from the lean
fuel combustion. The oxidized environment during thesel combustion yields elevated
flame temperature and thus high fuel efficiencye Tixygen-rich high-temperature fuel
combustion produces excessive Némission via the reactions between nitrogen and
oxygen.

To reduce NQ@ pollutant, U.S. government posts has issued s&milations on
NOx emission from lean burn diesel-powered vehiclesepresentative example is the
NOy regulation on heavy duty vehicles. Table 1-1 campahe regulations on heavy
duty vehicle emission issued at different yédrdn 1998, the vehicle could have met the
NOy emission limit without using an after-treatmenstsyn. In 2003, the allowed NO
emission was reduced by 50% and the vehicle cotild nseet the NQ emission
regulation by a suitable engine management, su@xlasust gas recirculation. In 2007,
the NQ emission limit was reduced to 50% of the previmy®l. This required use of a
catalytic NQ abatement to meet the regulated emission levél01®, the NQ emission
standard was lowered by another 80% to 0.2 g/bhpitihe 2013 U.S. EPA regulation is
expected to lower the allowed N@mission to a lower level than that in 2010. Hence
meeting the NQemission regulated limit has slowed the wide aapion of lean burn
diesel vehicles. Considerable research and deveopeffort for NQ reduction has been
carried out in the past 20 years. This dissertatidinfocus on the N@ abatement by the

dual-layer catalyst consisting of selective catalggduction and lean NQrap catalysts.



Table 1-1U.S. Regulations of limiting emissions by heavyydeghicles.

NOx (g/bhp-hr) 4 2 1 0.2
PM (g/bhp-hr) 0.1 0.1 0.01 0.01
HC (g/bhp-hr) 1.3 0.5 0.5 0.14

1.2 State-of-the-art Technologies of NOEmission Abatement

Several technologies are available for,Ngission abatement including exhaust
gas recirculation (EGR), hydrocarbon-selective lgata reduction (HC-SCR), urea-

selective catalytic reduction (urea-SCR) andiS@rage and reduction (NSR).

1.2.1 Exhaust Gas Recirculation (EGR)

Exhaust gas recirculation is a common-used tecknifpr NQ, emission
abatement. A portion of the exhaust gas is reatedlinto the engine cylinder, replacing
some fresh cool air. This lowers the fuel combustemperature and thus reduces the
NOx formation by nitrogen oxidation. However, EGR reesi the amount of available
oxygen for fuel combustion and diminishes the atavges of lean burn diesel engine.
The low oxygen level leads to incomplete fuel costlmn and lowers fuel economy. The
emitted hydrocarbon and soot level are increasedvels *%. The high HC and
particulate matter emission cause a heavy burdestlmr after-treatment units, such as
diesel oxidation catalyst (DOC) and diesel partataiffilter (DPF). Significant effort has
been spent on the research and development of D@ME&F to control the HC and

particulate matter in the exhaust. Other penakiesociated with EGR include higher



engine temperature, heavier cooling system burdernirecreased engine oil acidity?.

These EGR limitations reduce the engine longevity.

1.2.2 Hydrocarbon-Selective Catalytic Reduction (HESCR)

HC-SCR is a N@Qreduction technology for lean burn diesel enginal@gous to
the well-established three-way catalytic conveffEWC) for spark-ignition gasoline
engine. Hydrocarbons, such as propane and butaee,generated by the partial
combustion of on-board fuel and serve as the reduegents. Under steady-state
conditions, hydrocarbon selectively reacts with,N@generate by
NOy + Hydrocarbon—» N+ CO, + H0. Q)

The adsorption of the hydrocarbon and, @ the catalyst is required to suppress
the undesired hydrocarbon oxidatidfi. A typical HC-SCR catalyst consists of Ag, Co
and Cu for NQ adsorption and alumina or zeolites for HC adsomtiAmong these,
Cu/ZSM-5 and Ag/AIO; receive most attentidh®!.

Although HC-SCR has attracted great interest dueth® simple engine
management and low catalyst cost, the narrow dpgréémperature window and low

catalytic selectivity has prevented its commerzaibn™®.

1.2.3 Urea-Selective Catalytic Reduction (urea-SCR)
Urea-SCR is a widely-applied N@batement technology for heavy-duty diesel
vehicles, which involves the reaction betweensMHd NQin the presence of excess. O

In stationary applications and heavy-duty vehictbg involves NH injection or of its



precursor urea into the engine exhaust, wherexesmvith NQ and Q. Another option
is use of reductants to react with storedyMOthe LNT to produce NE The gas mixture

fed to the SCR reactor undergoes one of the foligwglobal reactions:

Standard SCR 4ANO + 4NHO, < 4N, + 6H,0, (2)
Fast SCR NO + N® 2NH; < 2N, + 3H;0, (3)
NO, SCR 6NG- 8NH; @ 7N+ 12H,0 . 4)

Following considerable research Fe- and Cu-excltngelites are commonly
used as urea-SCR catalysts. Colombo ef’aleported that a Cu-based zeolite had a
higher NH storage capacity than a comparable Fe-based eedlitalso had a higher
catalytic activity for the standard SCR and ammamiédation reactions, as well as a
lower sensitivity to NGNO, feed ratio. Fedeyko et af'® measured the catalytic
behavior of the Fe/Cu zeolites via FT-IR spectrpycand found that Nklhad a stronger
site blocking effect on the Fe-zeolite than on Ghezeolite. Metkar et al*!! found that
the standard SCR rate on Fe/ZSM-5 was of slightlyative order with respect to NH
Kamasamudram et dt? applied a four-step experimental protocol to as$les catalytic
functions of different SCR catalysts. The differendetween the Cu- and Fe-zeolites
during low temperature transient operation were doedifferences in their NH
coverage-dependent adsorption. Cu-zeolite wassiessitive to the N&@NOy ratio and
more active at low temperatures at which the amenoaiverage was hidh’. Metkar et
al. ™ compared the NQreduction by three Fe-zeolite and Cu-zeolite comdi
configurations as “sequential brick,” “mixed washtoand “dual-layer.” The N@

reduction efficiency of a dual-layer catalyst wifle-zeolite on top of Cu-zeolite was



comparable to that obtained from sequential brisMashcoat diffusion limitations for
the former favored the dual-layer Fe/Cu configunati

While urea-SCR has a lower catalyst cost than @&fontaining LNT, an
expensive on-board urea infrastructure is necessather associated problems include

safety concerns, urea fouling and Ngtip *> 1€

1.2.4 NQ Storage and Reduction (NSR)

NSR is carried out periodically in two steps, anlestorage step and a rich
regeneration step on a multi-functional catalystned as lean NCirap catalyst (LNT).
A schematic of the NQstorage and reduction is shown in Figure 1-2., N@nerated
from the fuel combustion is captured and storedLNT catalysts in the presence of
excess @when the engine is operated in conventional feaitlmode. At typical space
velocities (30,000 to 100,000 the lean mode lasts for 1-2 minutes, followinigich
the feed is switched to a much shorter, 3-20 s-richl exhaust feed. This can be
accomplished by injecting supplemental diesel fo& the engine in order to consume
the excess & which produces a rich mixture of hydrocarbons, @&l H for the LNT
regeneration. The primary reaction products areddsred N, CO,, and HO as well as
undesired NH and NO. The periodic operation with high frequency dedsathe LNT
catalyst to perform rapid NGstorage and reduction. Hence, a high loading e€ipus
group metals (PGM), i.e., Pt, Pd and Rh, is usemtaluct rapid redox reactions over the
LNT catalyst™. The LNT catalyst contains also barium and/or g&itan as NQ

storage sites ang-Al,O; as a support. A detailed review of NSR process hal



presented in the next secti Although the LNT catalyst does not require a com|
ureainfrastructure, the high loading of expensive ngteuch as platinum group met

(PGM) and ceria, limits the LNT application to lighuty diesel vehicle

Storage Reduction
H2 N, NH,
NO
02\\ co N . N,O H,0
iy HC \ 7 o8
; Ba(NO,).
BaCO, e BaCO; Ba(NO;),
Al;04 ’ A0, ‘

Figure 1-2 Schematic of N storage and reduction over Pt/B&zO3 LNT catalyst.

1.3 Review of Pevious NSRStudies

NOy storage and reduction technoli has been investigated extensiv. Olsson
et al.!’® examined the detailed kinetics of  storage and releaover a Pt/Ba/AiOs
lean NQ trap.A kinetic model was developed to simulate the di@dation t¢ NO,, NO,
storage on BaO and Ny release during the lean-rich cyclabin et al.® used bench-
top and a TAP reactor to study ki storage over powder and monolitlean NQ trap
catalyst. he nitration ancdisproportionation pathwaysere found to be the main Ik
storage routines. Pt participated in the followthgee processes: NO oxidation to ,,
NO, decomposition to NO and M, spillover to BaO. They investigated the impact
barium loading, space velocity, lerich cycle and reductant concentration on ttOy

storage and reductic?®. Clayton et al’®"! studied the performance and sp-temporal



product distribution of a lean NQOtrap using hydrogen as reductant. The produced
nitrogen may be generated by two competing routinee from the K reduction of
stored NQ and the second from a sequential reduction by. Midmar et al®® studied
NO storage and reduction by isotopic experimentsgusgmporal analysis of products.
The evolution of N-containing species confirmed timportance of Pt-Ba interface for
NOy storage and reduction. The experiments suggeseeexistence of fast sites close to
Pt, and slow sites far away from Pt. The crystallififfusion of NQ from the fast to the
slow sites was investigated using a TAP redétbr

The NSR modeling has achieved great progress. $hatral.** simulated the
generic features of NOstorage and reduction by a one-dimensional twe@haodel
under periodic operations. Divesh et [al! developed a global kinetic model for NO
storage and reduction under anaerobic regenerakioe.modeling predictions matched
the experimental observations of Clayton et al.eXual.!*® developed a microkinetic
model that determined the N®urface coverage and explained the experimemnaligst
selectivities over a Pt/Ba/#Ds catalyst. Shakya et df”! used a crystalline-scale model
to unify the NQ storage and reduction on the fast and slow sites.model indicated
that Pt dispersion had a strong impact onyNOnversion and product selectivities,

especially NH.

1.3.1 The Impact of Ceria Addition
Ceria (CeQ) is often added as an effective promoter to dfemtment catalysts.

Most previous studies focus on the oxygen storagmaty (OSC) and storage/release



kinetics of ceria catalysts. Goté& provided a comprehensive review of ceria applicati
in catalysis. Damyanova et & reported that the efficient OSC of ceria facithtthe
redox process during catalytic oxidation, which evidd the air-to-fuel window. Yao et al.
[30] conducted temperature programmed experimevés a series of ceria-containing
catalysts and concluded that the interaction batwbe platinum and cerium provided
superior oxygen storage capacity at low temperattife This was important during the
“cold-start” of a vehicle during which most of thxious emissions occurred. The
transfer of oxygen occurred via the precious metdlich implied a “spillover” at the
metal/ceria interface. For this reason a high ndisgersion was paramount to providing
the requisite interfacial perimeter to facilitalte toxygen exchange.

Ceria is also important for NSR process in termsatalyst performance and
durability. Ji et al.*¥ reported that the addition of ceria to Ba-basedT Laxtalyst
resulted in additional NOstorage capacity and that N&ored on ceria could be reduced
more easily due to the lower thermal stability efia-based nitrates. This had important
implications at low temperatures (< 25Q) encountered during start-up or low-load
operation. Researchers at Honda suggested thatiihyglrogenation using Hyenerated
by the ceria-promoted water-gas-shift (WGS) reacpoovided complete and effective
LNT regeneratioff 32!

In addition to providing NQstorage sites and to enhancing WGS activity, ceria
improves the catalyst durability and sulfur resise Hatanaka et af* reported that the
interaction between oxidized Pt and ceria led sftrmation of nanocomposite oxides.

The resulting Pt-O-Ce bond inhibited Pt sinteringl éhelped keep the Pt in a well-



dispersed state in an oxidizing environment. Kwalale!® used ceria as a supporting
material for Pt/Ba. No measureable Pt sinterind3@®& formation was observed during

desulfation up to 600 °C.

1.3.2 The Impact of HO and CO;,

The presence of @ and CQ in the feed, obviously present as combustion
products, affects the LNT performance. The additbhl,O decreases the NO oxidation
rate but has only a minor influence on the cyclerage NQ conversion. The presence
of CQO, leads to the formation of BaGOwhich has a higher thermal stability than BaO.
Thus, the NQ conversion decreases. Ren et®l.studied the impact of both,B and
CO, on deNQ efficiency of LNT catalysts. Cyclic NOconversion decreased sharply
upon CQ addition, while HO addition had a minor impact. Mulla et &l! reported that
water vapor in the feed decreased the Pt acties amd thus inhibited NO oxidation to
NO,. Lietti et al.®® proposed that water could promote Nférmation during the
reduction of stored NQ while CG strongly inhibited the reduction of nitrates by &t
NHs. Frola et al®® used in-situ surface FTIR to analyze N€dorage. They determined
that CQ inhibited nitrite formation and subsequent nitristenation. Lindholm et af*”
investigated the influence of,B and CQ over different LNT catalysts. 4 adsorption

decreased NQstorage on alumina, while GOnhibited NQ storage on barium. NH

formation was promoted by G@t low temperatures.
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1.3.3 The Impact of Reductant Composition

The choice of reductant has a great impact on MiE tatalyst performance. LNT
regeneration with kHhas been studied extensivéil{*®. However, CO concentration in
the feed could be higher than that of #uring actual catalyst regeneration. The,NO
reduction with CO could go through reaction pathsvayith isocyanate/cyanate
formation and reactions. Forzatti et &f' used transient response methods and FTIR to
study stored NOx reduction by CO over a Pt/BgDAl under dry conditions. They
proposed a Pt-catalytized reaction pathway inclyidive reduction of nitrates by CO to
nitrite and a sequential reduction of nitrites $odyanate/cyanate species. The formed
isocyanate/cyanate reacted with the stored nitatesproduced nitrogen during the rich
feed. The residual isocyanate/cyanate species wadeized by the @ and NQ during
the lean feed to Nand surface nitrites. Castoldi et &f employed the same methods to
study NQ reduction by CO over a Pt/K/AD; LNT catalyst. The NCO-related reaction
pathways were still the main routes for Ni@duction, while the reaction between NCO
and nitrates to generate Was faster over Pt/K/AD; than over Pt/Ba/ADs. DiGiulio et
al. ! investigated the regeneration of Pt- and Rh-B&JALNT catalyst with the CO
and propylene. The surface isocyanate speciesideméfied as key intermediates by in-
situ FTIR spectroscopy. The reactions of NCO with,Mind Q to N, were catalytized
by the precious metal catalyst, while Nfdrmation from the NCO hydrolysis was not.

According to comparative studies on different redgcagents, bl has been
identified as a more effective reductant for swfatdtrate regeneration than CO or

hydrocarbon, especially at low temperatures. Szatlal.®™® used in-situ FTIR and time-
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resolved XRD to compare the reduction byahd CO over a Pt/Ba/#Ds. The surface
nitrates were effectively reduced by Ht low temperatures. When CO was used as a
reductant, the formed NCO species adsorbed onutface of metal oxides and only
reacted with NQ@ from thermal decomposition at high temperaturasthe presence of
H,O, the hydrolysis of NCO species led to Nahd CQ formation. James et aPY
compared CO with KHas the reductant of stored N@ver a conventional LNT catalyst.
CO facilitated the decomposition of barium nitratbat could not reduce the released
NOx to N, due to the strong bonding between CO and Ptddld assist both the nitrate
decomposition and NQreduction. Poulston et &% found that H was a better reductant
than CO for regeneration of aged LNT catalyst.tLaIe[53] tested a Pt/Rh/Ba/AD; LNT
catalyst with different reductants, including HGQ@nd H. CO was found out to be the
most active reductant in terms of catalyst regarmmrand N production and kithe most
efficient below 200 °C. Scholz et & compared NQregeneration capacities of several
reducing agents, including,HCO and GH,4, over a Pt/Ba/AlO; catalyst at 300 °C. The
addition of HO could prevent CO and;RB, poisoning of Pt. Three reductants had
comparable reduction efficiencies. Jozsa ePdlinvestigated the regeneration of LNT
catalysts by CO, s and H by temperature programmed desorption and reduction

studies. H was the most effective reducing agent, especillgw temperatures.

1.3.4 The Formation and Role of NH

The formation and role of byproduct ammonia dufM@§R has been extensively

studied. Nova et al*™ proposed that Niiwas a key intermediate for,NMormation and
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could be produced in high selectivity whep Was used as the reductant. Mulla ef*al.
found that NH was formed during the regeneration of stored,Nf@ting as an H-atom
carrier. Wang et al*® investigated the effect of regeneration conditi@ms NH;
formation under simulated diesel exhaust. The; Nélectivity increased with the steam
reforming activity due to the generation of. Hietti et al.*¥ further determined that the
reaction of ammonia with nitrates was a major rdatenitrogen formation. Clayton et al.
1431 jdentified favorable cyclic conditions for NHormation; i.e., high INO,, moderate
temperature, and low Pt dispersion. The temperale@eing to a maximum NH
production decreased with an increase in Pt digper$hey attributed this to the limiting

transport rate of stored NQo the Pt/Ba interface; i.e., transport limitasoled to a

localized higher WINO, ratio that is favorable for NHproductionf?Y.

1.4 Alternative NO, Reduction Technologies

Active research efforts aim to design a catalyst #wvoids the need for a urea
feed and achieves the required ,N@duction while minimizing the amount of expensive
PGM in the LNT. A possible solution is the combionatof NSR and LNT, referred to as
LNT/SCR technology. Several LNT/SCR configuratiamsarchitectures were proposed
in patents by Ford (Gandhi et &°°®). One configuration is a sequential dual-brick
LNT/SCR in which the upstream LNT catalyst brickres NQ and reduces NOto a
mixture of N and NH, followed by a SCR catalyst brick that utilizeg tipenerated NH
to reduce the unreacted N@hat escapes from the LNT. This configuration apag

strategy was similar to the conventional LNT butemvented the need for an urea feed.
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Daimler AG commercialized a DOC-LNT-DPF-SCR afteattment system to meet US
tier 2 bin 8 NQ emission standard for a 3.0 L diesel endifle Their study showed that
low NOy emission could be achieved for US tier 2 bin Sdégucing the oxygen storage
components in the LNT catalydt€. Eaton Inc. applied a similar configuration touee
NO, emission from heavy-duty diesel vehicll. These results indicated that a dual
brick LNT/SCR configuration enabled NGbatement of both light- and heavy-duty
diesel vehicles. A variant of the LNT-SCR dual-kriconfiguration is the LNT-SCR
multi-brick system proposed by Gandhi et®land investigated by Ford researchers. Xu
et al.'*” showed that this architecture could reduce the IBGM loading by up to 50%
and achieve the same conversion.

These findings have motivated academic researdaito a better understanding
of the LNT-SCR series configuration. Lindholm et'&¥ conducted experiments using a
dual bed catalyst system comprising a Pt/B&DAILNT catalyst followed by a Fe-beta
SCR catalyst. The combined system performance waerior to that of the single LNT
catalyst at all temperatures. Pereda-Ayo et®al.studied a similar configuration as
Lindholm et al. with Fe-zeolite Beta downstreanPtBa/ALOs. Using 3% H during the
LNT regeneration at 300 °C, they achieved,Ménoval efficiency and Nselectivity as
high as 98% and 97%, respectively. Seo ef3ldetermined that 1:1 was the optimal
LNT to SCR volume ratio with regard to catalysttcasd NH slip. They also compared
the deNOx performance of a LNT-SCR series configomato that of a single LNT
catalyst following hydrothermal aging and sulfurigmming. NQ conversion from the

combined system was 10-30% higher than that o€ catalyst/®®. Bonzi et al®”
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studied both the double-bed and mixture architectfrPt/Ba/A}Os; LNT catalyst and
Fe/ZSM-5 SCR catalysts. The LNT/SCR catalysts peréal better than LNT catalysts
alone under all conditions. Forzatti et &f! proposed a two-step in-series pathway to
explain the temporal evolution of,Noroduction. The first step was the formation of
ammonia via a reaction of NQvith H, and the second was the reaction between the
formed ammonia and stored NQVith the second step identified as the rate-d@teng
step, the downstream or mixed SCR catalyst coudae NH slip for NG, elimination.
Castoldi et al’®” found that the presence ot® and CQ in the dual-bed and mixed
LNT-SCR catalysts lowered the NGtorage due to BaG@ormation, but improved N
selectivity during NH oxidation on the LNT. Some researchers studiedegeneration

of LNT-SCR dual-bed and mixture catalysts with GCorbos et all™ used CO to
reduce the stored NQising different mixtures of LNT and SCR cataly3tee physical
mixture of Pt-Rh/Ba/AlO; and Cu/ZSM-5 had the highest activity regardlessither
the reductants, reduction time or the presence,6k. I@u/ZSM-5 facilitated the reactions
between CO and NCGo form surface NCO species. The hydrolysis of N§p@cies led

to NHs generation and the following N®@eduction by the SCR catalyst. They found that
the highest NQconversion from the LNT-SCR mixture catalyst ocedrwhen both K
and CO were used as reductants. Researchers feolbinilersity of Kentucky and Ford
motor Co."Y investigated the LNT-SCR multi-brick catalyst with, CO and GHs as
reductants. Some NOwas reduced by the adsorbed hydrocarbons overeGlite;

besides the conventional M$CR pathway.
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Dual-layer architecture is a competing alternatvehe sequence of LNT-SCR
bricks. Nakatsuji and co-workers from Hond@ proposed a dual-layer catalyst
comprising a solid acid (Bronsted acid-based zsobh top of Pt/OSC. NOwas stored
on the OSC function during the lean phase, while; kitimed by the stored NONH;
was stored on the solid acid function during tioé feed. During the lean feed, N@as
partially reduced by adsorbed BlHHonda reported the use of a SCR-on top of Pt/OSC
composite to meet NGmission standards of US tier 2 bif#%5**! While Honda’s work
provoked interest in this configuration, they didither provide complete information
about the catalyst nor propose the mechanism ofdahetions on the LNT-SCR dual-

layer catalyst.

1.5 Research Objectives and Thesis Outline

Considerable research efforts have been directedrtts development of various
NOy abatement technologies in the past as describdteirprevious sections. These
studies enhanced our understandings and knowlefigeeoreaction mechanisms and
controlling parameters, enabling the development imfproved NQ abatement
technologies. As a result, novel LNT and SCR catatpnfigurations are currently under
development. Most previous research efforts haea Ispent on the LNT/SCR sequential
architecture, while the dual-layer architecture heseived much less attention. The
optimal catalyst composition, reaction mechanismactor configurations and operating
strategies of the dual-layer catalysts have not ben determined. This prevents

appropriate comparisons between LNT/SCR sequentthdual-layer architectures.
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The goal of this dissertation is to provide the enstanding and ability to predict
the factors affecting the dual-layer catalyst penfance. It consists of an experimental
study of NQ reduction by LNT/SCR dual-layer monolithic catasysThis study began
with the investigation of the impact of ceria on Tatalyst. Although ceria has been
well recognized as an essential promoter to the cBfalyst, the impact of ceria oxygen
storage capacity on NOstorage and reduction process is still uncleamdde two
parallel studies were carried out. First, the sptmporal features of periodic
oxidation/reduction operation over a flat ceriaatyged monolithic plate were studied.
This illustrated the impact of ceria oxygen storagacity on the transient redox
reactions and transport process. Second, the ewoluf surface species over a
Pt/CeQ/Al,0O5 catalyst was studied during NGtorage and reduction. This elucidated
the link between ceria oxygen and N€dorage ability.

In addition to gaining an understanding of LNT &gdg the metal-exchanged
SCR catalysts were synthesized using the wet i@mange method. This enabled the
preparation of a series of LNT/SCR dual-layer gatal with different SCR and LNT
combinations. The properties of dual-layer catalysere investigated in two stages. In
the first stage, the dynamic NOeduction performance of dual-layer catalysts was
studied under a variety of operating conditiondsrovided the basic information about
the NQ reduction mechanisms, the impact of catalyst caitipn and the catalyst
durability. In the second stage, several contrglfparameters were optimized to improve

the fuel economy and reduce the loading of expensigtals, such as Pt and ceria. This
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required optimization of the ceria zoning in LNTyé#, the SCR catalyst loading and the
operating policy.

This dissertation consists of the following partShapter 2 describes the
experimental setups and procedures used for catsyyghesis and testing. Chapter 3
reports the spatio-temporal temperature profile$ effluent concentrations of periodic
oxidation of B and CO over a Pt/Cef@l,0; catalyst. Chapter 4 reports the surface
species formed over the Pt/C#81,0; catalyst during NQ storage and reduction.
Chapter 5 reports the reaction mechanisms and rpefece of a series of LNT-SCR
dual-layer catalysts for NOeduction. Chapter 6 reports lean N@duction with H and
CO over a series of LNT-SCR dual-layer catalystagiar 7 summarizes the main

conclusions of this study and recommends futureanes.
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Chapter 2 Experimental

2.1 Catalysts

Both lean NQ trap (LNT) and selective catalytic reduction (SGRjalysts were
used in this study. The details about the catatgshposition and preparation were

reported below.

2.1.1 Lean NQ Trap Catalysts

NOx storage and reduction (NSR) technology is camigidover the lean NCirap
(LNT) catalyst with rapid cycling between storaged aregeneration operation. When
engine is running for the 30-60 s fuel-lean fee«Nind Q are stored on the LNT
catalyst. Before significant N(breaks through, the feed is shifted to a 5-20e$-rich
feed, which contains hydrocarbons, CO andfétmed by incomplete combustion of
injected fuel. The rich feed regenerates the stbi®@dforming N, and some Nk

The LNT catalyst used in this study contains platinrhodium, barium, cerig;
Al,0O3 and cordierite support. Pt is an active compohematalyze the NO oxidation to
NO; and facilitate N@ spillover during the lean phase, while Rh effeslihcatalyzes the
reduction of stored NOto N, and NH during the rich phase. Barium, the alkali earth
metal component, is used to store NfDring the lean phase and releasg HQring the
rich phase. Ceria serves as an effective promotayxXidation reactions, NGstorage and
catalyst regeneration. The high surface ayed,O; is deposited onto the cordierite

support as the catalyst carrier.
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The powder and monolithic catalysts used in theegrpents were provided by
BASF Catalyst LLC (Iselin, New Jersey). Informati@bout the LNT catalysts is
reported in Table 2-1.

Table 2-1The composition of the LNT catalysts used in thiglg.

Pt (g/in°) 0.056 | 0.046| 0.046 0.046
Pt (Wt%) 243 | 1.00 | 1.00| 1.00
Rh (g/in°) 0.000 | 0.006| 0.006] 0.006
Rh (Wt%) 000 | 013 | 013]| 013
Ba (g/in") 0.00 0.69 0.69 0.69
Ba (Wt%) 0.00 | 15.00| 15.00/ 15.0C
Ce (g/im) 030 | 000 | 078 1.56
Ce (Wt%) 13.04 | 0.00 | 17.00, 34.00
Al ;03 (9/in°) 1.944 | 3.858| 3.078 2.298
Al,03 (Wt%) 84.53 | 83.87| 66.91| 49.96
Loading (g/in®) 2.3 4.6 4.6 4.6

2.1.2 Selective Catalytic Reduction Catalysts

Fe/ZSM-5 catalyst powder was provided by Sud-Chdiienich, Germany). We
synthesized Cu/ZSM-5 catalyst powder by the folloyviwet ion exchange method.
NH,/ZSM5 powder having a Si/Al ratio of 23 was acqdifeom Zeolyst International,
Inc (PA, USA). A protonated powder (H/ZSM-5) wadaihed by calcining NHZSM-5

at 550 °C for 5 hr. The H/ZSM-5 was converted td2$M-5 by dispersing the catalyst
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powder in 0.1 M NaN@(Sigma-Aldrich) solution. The ion exchange wasduwied for
24 hr with continuous stirring at ambient tempematand neutral pH of ca. 7. The
powder was obtained following filtration and waghim a centrifuge (Avanti® J-E
BioSafe, Beckman Coulter) and drying overnight 80 PC. The N& exchange and
drying were repeated twice to maximize the exchaagie. The Na/ZSM-5 powder was
obtained after calcination at 550 °C for 5 hr. TWZSM-5 was prepared by contacting
Na/ZSM-5 with a 0.02 M copper acetate (Sigma-Aldyiaqueous solution in a constant
stirring environment for 24 hr at ambient temperatThe solution pH was adjusted to ca.
6 by 0.1 M acetic acid solution. The €#I** ratio was in range of 0.5 to 1. The ion
exchange procedure was repeated three times. itlal Cu/ZSM-5 was obtained by
calcining the powder at 550 °C for 5 hr. The Cudiag in the Cu/ZSM-5 was
determinedas 2.0-2.5 wt %by Inductively Coupled Plasma-Atomic Emission Spectopy
(ICP-AES, UH ICP analytical research lab).

The SCR catalyst was washcoated on the clean cibedieonolith (400 channels
per square inch) using the following procedure.agneous slurry comprising of 32 wt%
catalyst powder, 8 wt% boehmite and balance wates ball-milled for 24 hr to obtain
catalyst particles with a size in the range of b fom. The slurry pH was adjusted to ca.
6 by adding 0.1 M acetic acid before washcoatifge 8CR monolith was prepared by
dip-coating an empty monolith in the slurry contagn40% solid in balanced water for
30 s from each end. The excess slurry was clearéeeling compressed air sequentially
into both ends for 10 s. The washcoated monolite than dried at 120 °C overnight.
The washcoating procedure was repeated until tseedkeloading was obtained. The

final step involved the calcination of the mondktitatalyst at a temperature ramp of
21



23 °C/hr and then holding it at 550 °C for 5 hr.eTtypical loading of the monolith
washcoat after one time of dip-coating and follayvoalcination was in the range of 0.8

to 1.0 g/irt.

2.1.3 LNT-SCR Dual-layer and Mixture Catalysts

LNT monolithic catalysts and SCR powder catalyseyevused to prepare the
SCR-top LNT-bottom dual-layer catalysts. The LNTnolith was calcined at 550 °C for
5 hr before washcoating to avoid barium leachinge Washcoat slurry containing SCR
catalyst was prepared as described above. Theaelmonoliths were synthesized by
depositing a SCR layer on top of the LNT bottonelay

A schematic of a SCR-LNT dual-layer catalyst iswhan Figure 2-1 (a). The
SEM images of LNT catalysts before and after SCRhwaating are shown in Figure 2-1
(b). The LNT layer had a non-uniform thickness tluéhe thicker loading in the corners.
The washcoat thickness of the monolith channel mweasured with a scanning electron
microscope (SEM; JEOL JSM-6330F). The thinnestpbenial average of the LNT layer
was about 60-80 pum and the maximum thickness wast&60-290 um at the corners.
After washcoating, a uniform layer of SCR catalftstickness of 40 to 50 um) was
deposited on top of the LNT layer. This catalysteferred to as a dual-layer LNT-SCR.
The Pt, Rh, Ba, Ce, Cu, Fe, Si, Al and O concepfratin the dual-layer catalysts were
measured using energy dispersive spectroscopy (ED). To study the interlayer

mixing, both fresh and aged dual-layer catalystsrewanalyzed by SEM-EDS.
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Hydrothermal ampg was accomplisheby calciningthe freshdual-layer catalyst at

600 °C inair for 100 hr

(a) NO Flowing Gas N,

Cu- o Fe- ZSW-5

Pt/Rh/BaO/Ce0,/Al,O,

Monolith Substrate

TcSUH SEI 15.8kY  1808um WD 1B

LNT before washcoating LNT after washcoating

Figure 2-1(a) Schematic of a di-layer catalyst; (b) crossection SEM micrographs
LNT1 catalyst before and after SCR washcoa
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The same dip-coating procedure was used to preparenixed washcoat LNT-
SCR monolithic catalysts having a washcoat loadihgbout 3.0 g/in (LNT1 2.1 gfirf;
Cu/ZSM-5 0.9 g/if). The LNT1 catalyst powder was obtained by sciatght from the

washcoated monolith.

2.2 Experimental Setup enabling IR Thermography and Mass

Spectroscopy

Figure 2-2 is a schematic of the experimental setegrl to monitor the spatio-
temporal temperature on the monolithic plate aredrdal-time effluent concentrations.
The main components of this setup included a gpplgisystem, a reactor, an Infra-red

camera, a mass spectrometer and data-acquisistensy
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Figure 2-2 A schematic experimental setup. 1~4. Mass flowratlet; 5~6. In-line static

gas mixer; 7. Four-way switching valve; 8. Heatiragnd; 9. Reactor; 10. Cooling pool;
11. Mass Spectrometer ; 12. Infrared camera; b&dliter; 14. Exhaust hood.
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2.2.1 Gas Supply System

The gas supply system was a series of gas cylirasersnass flow controllers to
produce the required lean and rich mixtures.

The reactive gases, including,NH,, O,, CO and Ar, were acquired by Matheson
Tri-Gas. The gas pressures were maintained at i§Obgsthe pressure regulators on the
cylinders. Check valves were installed after thgulators to avoid gas backflow.

Mass flow controllers (1179A, MKS with accuracy ££%) with four channel
power supply/readout boxes (247D, MKS Inc.) weredutd control the gas flow rates.
The four channel power supply/readout box was teetrécal power supply and the set
point source to the mass flow controllers. The rdéée flow rate was obtained by tuning
the output analog signal from the four channel poswpply/readout box to the mass
flow controller. The actual flow rate was calcutiteased on the feedback analog signals
from the mass flow controller to the four channeWwpr supply/readout box. Each mass
flow controller was calibrated over the whole flomnge using either a digital flow meter
(< 200 standard cffmin) or a bubble meter (>200 standarc’ftnin). To ensure accurate
measurement, the mass flow controllers were réx@agd every month. The feed gases
with desired flow rates were mixed in inline statiixers before entering the reactor
system.

Swagelok stainless steel pipes (316 L) with a nainiliameter of % inches were
used in the gas feed system. The sealing of thelggdy system was checked by feeding

an Ar flow under a pressure of 80 psig. The bulsbigp was dropped on every pipe joint.

25



The leaking joint might be covered by continuoubtias, while no bubble formed over

the well-sealed joint.

2.2.2 Reactor System

The reactor system consisted of a reactor, anredr@amera enabling reactor
imaging, a four-way automatic switching valve (Maltnstruments Co. Inc.) placed
upstream of the reactor, two electrical heatingesaprapping along the gas inlet tube,
and two ceramic heaters heating around the reactor.

The four-way switching valve with an electric adhrawas used to switch
between feed streams. A two-position control moduld a VCOM software were used
to control the switching timing manually and autdicelly, respectively.

Both heating tapes and ceramic heaters were ctadrdly a microprocessor
based temperature controllers (CN 2110, OMEGA FBEgimg, Inc.). The
thermocouples, monitoring gas and reactor tempasytyprovided input signals to the
temperature controllers. The temperature contoieovided the electrical power to the
heating tapes and ceramic heaters based on thedbeuple signals. The temperature
variation was limited to + 3% of the set-point tesmgtture.

A side view of reactor is shown in Figure 2-3. @gliical monolithic cores
(diameter=3.8 cm, length=7.6 cm) were cut and pelisto a two-channel thick layer flat
plate sample (32 channels; width=2.1 cm, length=fr§j. The samples contained Pt
(2.43 wt%, 50% dispersion,) and Ce(@3.0 wt %) on &-Al, O3 washcoat (loading of

2.3 g/irf) on the cordierite structure. The washcoat mass 3@ mg. The two-layered
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monolith sample was horizontally glued to the readtolder and sealed inside the

reactor. The bottom and two sides of rectangulactog were made of 304L stainless

steel due to high thermal expansion resistance. |Rhigansparent quartz window was

used as the reactor top, enabling IR camera imaginthe whole monolithic plate

surface. The gaps between the stainless steeldbasthe quartz window were sealed by

graphite gaskets (American Packing & Gasket). ak#ge test was carried out under an

80 psig Ar flow to ensure the appropriate sealig. generate a nearly isothermal

condition in the reactor, small mineral wool ingida bricks were placed between the

monolith and reactor walls. The reactor temperatsas monitored and controlled by

four K-type thermocouples: one at the bottom ofctera linked to the temperature

controller of ceramic heaters, to manipulate thacter temperature; The other three

thermocouples were delicately located at diffeqgoditions along the monolith to make

sure the isotherm condition. The thermocouple $sgneere recorded and processed by

an OMB-DAQ-54 USB data acquisition system (OMEGAgHEeering, Inc.), connecting

to computer.

Quartz Window
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Figure 2-3 A schematic side view of reactor.
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2.2.3 Analysis and Data-acquisition System

The analysis and data-acquisition system was coadpo$ an infrared camera
(FLIR, SC4000 Systems) and a mass spectroscopiff@Pféacuum, GSD 300).

The IR thermograph enables based on the surfaedfradiation non-invasive
and visible temperature measurement. The infranedgy from a material is related to its
surface temperature. The material can be categbni#e two types as black body and
grey body. Black body can adsorb all the incidexttiation and emit all the released
energy, while grey body adsorbs and emits onlyaatiion of that of a black body. Real
material behavior is close to that of a grey boflye theoretical infrared radiation per
unit surface area of a grey body is described byatefan-Boltzmann formula
E=e. o. T*(W/m) (1)
whereg is the emissivity of the grey body,is the Stenfan-Boltzmann constant and T is
the absolute surface temperature. A higher bodypéeature leads to higher infrared
radiation.

The spatio-temporal radiation of the monolithictplavas measured by the high
speed (up to 432 frame/s) mid-wavelength infraneeging camera (FLIR, SC4000
Systems). The SC4000 camera enables a fast frameofral20 Hz using a 320X256
matrix of Focal Plane Arrays (FPA). The Indium Anginide (InSb) detector is sensitive
to a spectral range of 3.0 to 54n wavelength. The incorporated integrated circuit
controls the frame rate or integration time, perferthe non-uniformity correction,
replaces the bad pixel, converts the analog sigoalgyital signals and generates thermal

imaging video. The specifications of the IR camaareported in Table 2-2.
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Table 2-2Specifications of the SC4000 Infrared Camera System

Resolution 320 X 256
Spectra Range 3.0-5.0 um
Pixel Pitch 30 X 30 um
Dynamic Range 14 bits
Date Rate 50 MHz
Full Frame Rate 432 Hz
Len Focal Length 25 mm
Maximum Temperature 350 °C
Control USB Global Ethernet
Power 24 \VDC

The digital signals from the IR camera are recoygedcessed and visualized by
the ExaminlR™ software (ThermoVisioh FTIR). The IR camera integration time is
also controlled by the Examinl® software. Each integration time corresponds to a
certain temperature range. The optimal integratilme for different temperature ranges,
spanning from -10 to 350 °C, is reported in Tabl8.ZThe accurate temperature
measurement (x 0.5 °C) can be obtained by applshiegoptimal integration time. To
enable temperature measurements above 350 °C, @b Neutral Density High
Temperature filter (ND2 Filter, FLIR) is mounted dme back of IR camera lens. This

enables to extend the temperature measurement2gm°C.

Table 2-3The optimal temperature ranges to the integrdiroa ranges.

1 1.003 -10 to 55 -10to 12
2 0.547 10 to 90 50 to 194
3 0.12 50 to 150 122 to 302
4 0.06 80 to 200 176 to 392
5 0.012 150 to 350 302 to 662
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The IR thermography requires appropriate instrualesdlibration. A two-point
non-uniformity correction (NUC) was conducted aftestalling the ND2 filter to IR
camera. This correction compensated for any bagl pixd guaranteed a smooth imaging.
The correction was carried out in the ExamilRsoftware using special calibration
plates. Two black body calibration plates were &é&db two temperatures: one at 25 °C
and one at 500°C. The measured temperature irstilndly was within the range from 25
°C to 500 °C. The IR camera collected the IR speftbm the two heated black bodies
and the NUC calibration was performed by the inocaited integrated circuit.

The calibration of the IR camera signals from aihance count to temperature
was carried out using the ExaminlRsoftware before each experiment. The monolith
plate in the reactor was heated to the desired éestyre and three in-reactor K-type
thermocouples measured the monolith temperatura. tlrermal steady state, the three
thermocouples had the same temperature reading avlé#ss than 1% variation. The
luminance counts in IR camera at this selected ¢eatpre were equivalent to the set
point temperature. This process was repeated f@raktemperatures to cover the whole
temperature range encountered during the expetandine in-reactor temperature
calibration accounted for the transmission loskesugh the quartz window, the ambient
reflection radiation and the atmospheric radiatidence, an accurate measurement of
the surface temperature on the monolith plate cbaldchieved. After proper calibration,
the difference in the measured temperature fromlRheamera and thermocouples were

within 0.5 °C.
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A GSD 300 Pfeiffer Vacuum mass spectrometer medstire reactor effluent
concentrations. Mass spectroscopy is a well estadddi analytical technique to identify
chemical compounds by measuring their molecularsmébke instrument consists of a
capillary inlet, a quadrupole mass spectrometatiagphragm vacuum pump and a high
efficient turbo pump. The gas is pumped and flows itemperature-regulated stainless
steel capillary. The gas inlet can be heated Wbt °C to avoid liquid condensation or
fouling. The gas flow in capillary is about 2 scamd it takes about 500 milliseconds to
reach the mass spectrometer. The mass spectromedsures a molecular mass ranging
from 1 to 200 amu using a Faraday type detectoe. f€Rd gas is vaporized and ionized
over the tungsten filament. The ion fragments aveted by the radio frequency
guadrupole electric and magnetic fields. The redatabundance of each ion type is
collected and recorded by the analyzer. The ideatid concentration of each compound
are determined based on the ion fragment mass nuarik the corresponding ion
current. This process is carried out under a presselow 1 X 16 mbar. The vacuum in
the system is generated by the diaphragm vacuunp junth the turbo pump.

A Quadsta™ 422 software (Balzers Instrument) is used for thee-up,
calibration and measurement by the mass specteom@&he electrical voltage over ion
source can be tuned by a “Tune Up” program. Thesnpesak width and height are
optimized to improve the system sensitivity. A “®aeter Setup” program is used to
adjust the ion fragment mass scale and define rikernial calibration standard. An
internal calibration standard is assigned to a massber of a chosen gaseous

compound. The calibration factor for the internalitration standard is fixed, while the

31



calibration factors for other mass numbers areeddbiased on their relative ion current to
the chosen mass number. Once the concentratidmeothosen gas compound is fixed,

the concentrations of other gas species can bendets by their calibration factors

Sgm
Cgm = Cpn * Sg[_’n’ ()

where the mass number n is used as an internddraibin standard, & is the
undetermined gas concentration on mass number; siis @e known gas concentration
on mass number n,yQis the calibration factor on the mass number m &nds the
calibration factor on the mass number n. The “Meament” program enables temporal
monitoring of ion currents and gaseous concentratiof several predefined mass
numbers. The dwell time can be adjusted accordirtbed experimental requirement. The
smaller the dwell time, the higher the responseueacy and the lower the measurement
accuracy.

The mass spectrometer was calibrated before theriexgnts using specialty
gases from Matheson Tri-Gas. The sampling capiltdrihe mass spectrometer was
placed in the center of effluent gases flow tubreafccuracy and fast response. 500 ppm
Ar was fed as the inert trace gas. This providedhtarnal calibration standard of m/e=40
for concentration measurements. Each gaseous specs calibrated at three
concentrations at its signature mass numberQgeat m/e=32 and $¥D at m/e=18. When
the ion source of mass spectrometer was stable;dliteration factor for a given mass
number was insensitive to concentration variatMen the mass spectroscopy was in

the idle status, a purexflow of 50 sccm was continually fed to stabilibe ion source.
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2.3 Experimental Setup enabling Fourier Transform hfrared

Spectroscopy and Mass Spectroscopy

This system utilizes on-line Fourier Transform &méd Spectrometer (FTIR) and
Mass Spectrometer (MS) to measure and record affifeom a cylindrical monolithic or
reactor containing a powder catalyst. The bencleseactor setup contains a gas supply

system, an automatic control system, an isotherezaitor and an analysis system.

2.3.1 Gas Supply System

The feed and calibration gases were acquired frath&son Trig-Gas. Pressure
regulators were installed on the gas cylinders tontain the feed pressure around 40
psig. The gas flow rates were controlled by a sesfemass flow controllers (MKS Inc.)
before entering the inline static mixers. The nfé&®s controllers were calibrated every
three months using a digital flow meter or a bubileter. Water vapor was fed by a
syringe pump (ISCO Model 500D). A dual actuatedtshwng valve upstream of the

reactor controlled the feed streams.

2.3.2 Automatic Control System

The automatic control system included an ADAM 50@P module (Advantech)
and Labtecfi software. The ADAM 5000 TCP module collected thelag signals from
the mass flow controllers, the switching valveg, pinessure gauge and the thermocouples.
The analog signals were digitized by the ADAM systelhe data was shown on the

graphical interface and recorded by the Labtesbftware. The gas flow rates and
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switching valve timing were controlled by the dnagal user interface of Labteth
software. The digital signals from the Labt&clsoftware was converted to a
corresponding voltage signals by ADAM module andivdeed to the mass flow

controller and switching valves, respectively.

2.3.3 Reactor System

Two quartz tube reactors were used. One was azqudré reactor containing a
monolithic catalyst. Cylindrical cores (diametefL® cm, length = 7.6 cm; 400 channels
per square inch) were cut into small monolithiceso(28 channels; D = 0.8 cm, L = 2.0
cm). The monolith was wrapped by Fiberffaceramic paper and positioned in the empty
quartz tube flow reactor (1.2 cm diameter, 40.6length; Technical Glass Products).
The second was quartz tube reactor containing powatalyst. A small quartz frit plate
was installed in the middle of the quartz tube flosactor. The powder catalyst was
loaded on the top of the frit plate. A 1cm quartzod layer was inserted on the top to fix
the catalyst layer thickness below 1 cm.

The quartz tube reactor was placed inside a 500Micaktube furnace (Mellen
M300, Model SC11). The furnace had a 6” heated rame the maximum operating
temperature was 1100 °C. The furnace temperatusecaatrolled by a PS305 Mellen
Temperature Control System, which enabled a tertyrerarogramming control.

Two 0.5 mm type-K stainless steel sheathed theoopes (OMEGA
Engineering Inc.) measured the temperature inside reactor. One placed 0.5 cm

upstream of the catalyst measured the feed temyperand the second placed in the
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middle of the center channel of the monolith olidesthe catalyst layer measured the

catalyst temperature. These temperatures were tonedi and recorded.

2.3.4 Analysis system

The effluents from the reactor were monitored blyoarier Transform Infrared

Spectroscopy (FT-IR; Thermo Nicolet Nexus 470) anguadrupole mass spectrometer

(QMS; Cirrus LM99, MKS inc.).
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Figure 2-4 A schematic layout of ThermoNicolet IR spectroscop

FTIR is a non-invasive, precise and sensitive teghnto identify a chemical

compound and quantify its amount. Figure 2-4 presich schematic layout of the
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ThermoNicolet Fourier Transform Infrared SpectrggcoThe system consists of an
infrared source, an interferometer, a sample, actl@t and a computer. The IR source
emits an infrared beam with special radiation epdrgm a black body source. The
interferometer uses a beamsplitter to divide theb#am into two beams. One beam
travels a fixed length, while the second beam dbesigh a delicately changing path. A
special interferogram signal is generated wheneth@® beams meet again. Every
infrared frequency is encoded into this interfeemgrsignal. This speeds up the whole IR
spectrum measurement so that it is of the ordemefsecond. The exiting beam passes
through the sample, which can be gaseous or sbhd. characteristic frequencies of
energy are absorbed by the sample. The unique oiafestructure and bond vibrations
in the sample lead to the fingerprint IR spectrdine detector collects the transmitting
interferogram signal. The Fourier transformatiorthef interferogram signals is decoded
in the computer. As a result, the sample compoamdbe identified by the peaks in the
IR spectrum and its concentration can be quantiiiethe size of the peaks.

In our experiment, the FT-IR was equipped with ecsty ultra-low volume gas
cell (25 cnd, Axiom, Mini Linear Flow Cell). This provided a stt gas residence time of
about 1.5 s at a flow rate of 1000 sccm. The OMN#ftware was used for the gas
calibration and the online concentration measurémiére scanning frequency was one
spectrum per s. The NO, NON,O, NHz, CO, CQ and HO calibrations in FTIR were
conducted by feeding special gases of known coret@mts and correlating their
concentrations to the intensity of fingerprint banoh the IR spectrum. The gas

concentration calibration was performed every hajfear to ensure data accuracy. The
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background IR spectrum was collected every dayrbefte experiments. This spectrum
removed all the instrumental characteristics and @il the spectral features came from
the gaseous samples.

A MKS Cirrus™ quadrupole mass spectrometer monitored theQd and N
concentrations. The QMS were calibrated daily usspgcial calibration gases from
Matheson Tri-Gas before the start of the experiséfthe vacuum chamber pressure was
stabilized under a continuous Ar flow of 1000 sccime Faraday and Multiplier
calibrations were conducted three times to endugddn source stability. Each gas was
calibrated at three different concentrations, cioMerthe concentration range in the
experiments. When the feed did not contain,Ci®e nitrogen balance could be closed
within 5%. When the feed contained &@he amount of Nformed was obtained by
closing the nitrogen balance because of the ofrtfes=28 overlap with C&in the QMS.
The effluent flow time lags between the reactotaysand FTIR and the reactor system
and QMS were determined by replacing the reacttn an unloaded quartz tube. The

time lags were subtracted in the data post-protcgssi

2.4 Experiments using Diffuse Reflection Infrared Sectroscopy

This reactor system was housed in the diffuse cedle infrared spectrometer
(DRIFTS) to measure the surface species on thé/sttarface.

The experiments were carried out over a Thermo IBic&700 FT-IR
spectrometer equipped with a MCT detector. 60 niglyst powder sample was pressed

into a small tablet and then loaded to the Prayifantis¥ DRIFTS cell (Harrick
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Scientific Products, Inc.) which had two KBr windewl he flowing gases were supplied
from compressed gas cylinders (Matheson Tri-Gad) amtrolled by MKS mass flow
controllers. The total flow rate was kept at 50nsc®he adsorption spectra of the in situ
diffuse reflectance infrared upon catalyst exposugee collected scanning 64 times from
400 cm' to 4000 crit at resolution of 4 cthin OMINC® software. The background

spectrum was collected before every experimenlinareate the instrumental noises.
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Chapter 3 Spatio-temporal Features of Periodic Oxidtion of

H, and CO over the PtCe Catalyst

3.1 Introduction

Ceria is well known as an oxygen storage compof@8C) in automobiles three-
way catalytic converters (TWC) for gasoline spagkiiion engines. Ceria efficiently
captures and releases oxygen due to the relatse afashuttling between two oxidation
states (C& and C&,

Cel0z; + 0.5Q €= 2CeQ -368 kd/mole G©s. (R1)
This widens the air-to-fuel window for the exhaalsatement.

Working in tandem with the active precious metalshsas Pt, ceria serves as a
buffer by storing oxygen during lean periods angptying oxygen during rich ones.
Thus, highly exothermic reactions, such as hydrageh CO oxidation, occur as a result
of the switch from fuel-lean to fuel-rich modes
H, + 2Ce@ > H,0 + CeO; 242 kd/mole K (R2a)

CO + 2Ce@-> CO, + CeO; 283 kJ/mole CO. (R2b)
This exotherm leads to a complex spatio-temponalperatural behavior of the ceria
containing catalyst and causes undesired sidetgffeach as excessive fuel consumption
and PGM sintering. The spatio-temporal behaviothef PtCe catalyst is considered in
this study during a periodic feed shift from eitthérand/or CO (rich phase) to,@ean
phase). The use of a very fast lAnd CO oxidation as a probe reaction enables
monitoring the storage/release process. The confpksyres of the co-oxidation of,H

and CO mixtures closely mimic those of the exhafist catalytic converter. The spatial
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and temporal resolution of the reaction systembisiaoed by a combination of infrared
thermal imaging and gas phase composition measutsmEnhe exothermicity of the,H
and CO oxidation and the resolution of infrared ging of a flat sheet of monolith
catalyst are used to elucidate the coupling otctiemistry and transport processes on the

model Pt/Ce@Al,O; catalyst.

3.2 Experimental

3.2.1 X-ray Diffraction and High Resolution Transmision Electron Microscopy

X-ray diffraction spectra of fresh and aged Pt/@e®l,0; and fresh P§#£Al 05
were collected by a Siemens D5000 diffractometearipggged with a Braun Position
Sensitive Detector with an angular range of 8° an€u ko source radiation. The
diffraction angles were taken from 21° to 80°, wéhstep scan of 0.02 °/step and a
holding time of 10 s per step.

The surface morphology of fresh Pt/G&@AI,O; was imaged by a JEOL
2010FX high resolution transmission electron micope (HRTEM) at the University of

Houston superconductivity center.

3.2.2 Temperature Programmed Methods

Temperature programmed reduction (TPR) and desorgdffPD) experiments
were conducted in which 200 mg (1.93 ml) catalystger was loaded into a quartz tube
(1.2 cm diameter, 40.6 cm length) and placed mraaice (Mellen M300). In theTPR

experiments the catalyst was pretreated with a 20,% Ar flowing gas mixture during
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a 20 °C/min temperature ramp from 25 °C to 500 T@e catalyst was then held at
500 °C for 2 hours before cooling down to 50 °CteAweeping the reactor with Ar for
10 minutes to remove any residual oxygen, it wagdtefrom 50 °C to 900 °C at a rate
of 20 °C/min in a reducing gas mixture of 1% Ih Ar. The effluent hydrogen
concentration was recorded by a quadrupole massrespeeter (QMS; Cirrus LM99,
MKS inc.), while the water production was monitoteda FTIR (Thermo Nicolet Nexus
470).

The TPD experiments involved oxygen and water gesor from the catalyst
during another temperature ramp. Two types #-HPD experiments were conducted to
identify and quantify the different forms of adsedowater. In the Type | #-TPD,
overall loosely- and strongly-bound water was ptbldée catalyst was initially saturated
with water by exposing the catalyst at 50 °C teactive gas mixture containing 10 % H
and 5 % Q at a flow rate of 200 ml/min. After the adsorptias complete, typically
about 70 minutes, as indicated by a steady efflt®6t concentration, the reactor was
purged with pure Ar for 30 min to remove looselyshd HO until its effluent
concentration was negligible (<10 ppm). The sanwdes then ramped to 900 °C at a
heating rate of 20 °C/min in Ar at a flow rate @02ml/min, while the exit concentration
of water was measured by the FTIR.

In the Type Il HO-TPD, strongly-bound water in the proximity of &igst active
sites was probed. The catalyst was first heatetd @90 °C under 2% Hn Ar and kept
at 900 °C until no water was detected in the efftu&hen, a pure Ar stream was fed as

the catalyst was cooled to 50 °C; during this pssamny residual Hvas removed. When
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the desired temperature was reached, 500 ppm @r was injected for 200 s to adsorb
ca. 15 pmole oxygen onto the catalyst. Loosely-doDnwas removed in a pure Ar for
stream for 10 min at 58C. Then the feed was switched to a mixture comgisio0 ppm

H, in Ar for 400 s; any loosely-bound;ldnd HO were removed by Ar until no water
was detected. The catalyst was then heated froto 900 °C at a heating rate of 20 °C
/min under a pure Ar flow of 200 ml/min, while tlefluent water concentration was

recorded by the FTIR.

3.2.3 Oxygen Uptake Experiments

This set of experiments followed the reduction 50 2C of the Pt/Ce@Al,Os
catalytic monolith in a flowing 5% #Ar or CO/Ar gas mixture for 30 minutes until no
water or CQ was emitted. The catalyst was then cooled dowhealesired temperature
and the residual hydrogen or CO was removed byldw.fAfterwards the feed was
switched to a flowing gas mixture containing a préed concentration of 4100 ppm
to 5%) in Ar. Sufficient time was allowed for the @ return to its feed value (about 10
minutes). The @ was then switched off and the sample was exposedrtfor 30
minutes. Finally, the catalyst was exposed to aHL%r CO in Ar mixture. The oxygen
uptake was determined by integrating the differdmetgveen the feed and effluent molar
flow rates. The physisorbed,Qvas the amount of Oreleased immediately after the
switch from the QAr to Ar feed. The chemisorbed form was the amoahtO,
remaining on the catalyst. This value was deterthimgthe amount of C{produced or

H, consumed. (The 1D signal was unreliable due to its slow desorptigk) OSC
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isotherm at a fixed temperature describes the dwbed Qas a function of the O

concentration.

3.2.4 Lean and Rich Cycle Experiments

The flat plate monolith sample was heated to tisirelé temperature under a flow
of pure nitrogen at a specific space velocity. Insiexperiments the space velocity
(298.15K, 1 atm basis) was 100,000 hwhich corresponded to a total inlet flow rate of
4053 standard cifmin about a linear velocity of 2.11 m/s. Afterethmonolith
temperature stabilized, a stream of oxygen wasffedting a lean phase gas mixture of 5%
O, in N, The monolith sample was exposed to the lean gatiraifor 100 s. The feed
was then switched to a rich gas mixture contairifg H, in N, to reduce the stored
oxygen on the monolith for 10 or 20 s under the esmmace velocity. For comparison
purposes a second set of experiments used 2% GReagh stream. In a third set of
experiments, a gas mixture containing 1.5% CO abéo(H, in N, was fed in the rich
gas mixture to better simulate a realistic exhatistam. During the experiments, the
spatio-temporal monolith temperature was monitdogdthe IR camera and the exit
concentration was measured by the QMS. A periotiite svas obtained after ca. 25
lean/rich (LR) cycles; the final three cycles wased to obtain the cycle-averaged results.
Several different operating parameters were vaoedetermine their effects; including
the monolith temperature, space velocity, and feachposition (% H % ). Most

experiments were repeated five times. The resefierted are averages of these multiple
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runs. The conversion measurements were accuramthim 1.5% while the monolith
temperature was accurate to within 85

In some of the lean and rich cycling experimenfsubse of pure nitrogen was
introduced between the lean-to-rich or rich-to-lsantches for a duration varying from 5
to 600 s. The pre-adsorbed @ H, was swept from the catalyst before the introdunctio
of the H or O, respectively. Sweeping pre-adsorbed @ovided another way to
guantify weakly and strongly bound (physisorbed elmeimisorbed) oxygen.

So-called “inert” feed gas experiments were the esams the LR cycling
experiments but with no oxygen in the lean phase gurpose of the inert experiments

was to quantify the hydrogen conversion duringltRecycling and N pulse experiments.

3.3 Results and Discussion

3.3.1 Oxygen Storage on a PtCe Catalyst
The storage capacity of the PtCe catalyst is duts trrystal structure and surface
morphology. X-ray diffraction, high resolution tsmission electron microscopy and
temperature programmed methods investigated thage®ites over the PtCe catalyst.
Figure 3-1 shows the X-ray diffraction of fresh aagkd Pt/Ce&y-Al O3 catalyst
and fresh P#£Al,O; catalyst. Pattern 1 in that Figure is of the frEsh-Al O3 catalyst,
Pattern 2 of the fresh Pt/CgfpAl ,O3 catalyst and Pattern 3 of the aged Pt/&e@I,0;

catalyst. The indexing of diffraction peaks wasdzhsn the Bragg's law,

A
2sinf ’

(1)

dp =
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whereA is the wavelength of the X-ray which is 1.54 amgsis for the copper source;
is the diffraction angle in degrees; d is the iatemic spacing in angstroms. The plane

spacing of crystals is calculated by the followaguations,

. 1 h?+K2+12
Cubic crystal —=—, (2)
Ahrl a
1 4 (h?+hk+k? 1?
Hexagonal crystal Z = 5( = ) +t5- ) (3

Here, a and c are the unit cell sizes in angstrdmk;and | are the indexing planes. The
diffraction peaks in Figure 3-1 can be indexed gdire above equations. Take the geO
peak indexing as an example. The gé@s a fluorite structure and its unit cell size is
about 5.42 A. At the <1 1 1> plane, the d-spacirag walculated to be 3.13 A by the
equation (2) and the corresponding theta was alediito be 14.23° by the equation (1).
Hence, the <1 1 1> plane of Ce@ystal led to the diffraction peak with a 2thetdue of
28.46° in the Pattern 2. The rest diffraction peak€eQ crystal was indexed using the
same procedure.

The Pt unit cell structure is face centered cubid &s lattice parameter is
estimated to be 3.92 A. Only one <1 1 1> diffractjjeak was observed at 39.44° and
marked by the solid star symbol. Thel,O3; has a hexagonal structure and its lattice
parameters are estimated to be a=4.78A and c=121D8 led to the diffraction peaks
at 31.51°, 37.02°, 45.87°, 60.77°, and 66.97° dmely twere marked by the solid
triangular symbols. The fluorite structure Ge@enerated diffraction peaks in 28.46°,
32.98°, 45.87°, 47.40°, 56.29°, 59.01°, 69.31°64%.and 78.96° which were marked by
the solid circle symbols. SomeAl,O; diffraction peaks, i.e., 31.51° and 60.77°, were

not present in Pattern 2 and 3 due to the overldpthe ceria peaks.
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The ceria particle size can be estimated by Saheiffermule

K*A
t= B*cos @ ' (4)

wheret is the particle size in angstroms; K is the aljgé shape constant as 029the
X-ray wavelength ofL..54 angstroms fcthe copper source; B the full width at half m
or integral breadthand 6 the diffraction angle in degrees. Based on Scherrer’s
Formula, the ceria particle sizes in Pattern 2 Ratern 3 were 7.5 nm and 11.7 1
respectively. On the other hand, the Pt pwasintercrossed with thy-Al,O3 peak at

32.98° so thathe Pt particle sizeould not be appropriately estimat

Pt/Ce0,/y-AlL;O, (aged)
(@)

Pattern3

2 |Pt/Ce0,/1-ALO, (fresh)
£ i Pattern2
2 e
3 .
= E
{Pt/y-ALO; P‘attern 1
R
20 40 60 80

2theta (°)
Figure 3-1XRD spectrums of fresh I Al,O; catalyst (Pattern 1), fresh Pt/Cy/ Al,O3
catalyst (Pattern 2) and aged Pt/G/ Al,O3 catalyst (Pattern 3yk: Pt; A: Al,.O3 ; @:
CeQ.
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The ceria addition has a strong impact on the-Rit/O; catalyst as shown in
Pattern 1 and Pattern 2 in Figure 3-1. The intgnsft the Pt diffraction peak in
Pt/CeQl/y-Al 03 is lower than that of Py-Al,Os. This suggests a well-dispersed status
of the Pt on the ceria surfaf&. The influence of calcining the catalyst in the ai
800 °C for 200 hr (aging) can be found by compaPRagtern 2 and Pattern 3. After aging,
the intensity of the ceria peaks become sharpettanderia particle size increases from
7.5 nm to 11.7 nm. The intensity of the Pt peakdases due to the sintering of the Pt
and ceria particles as well as the weaker inteyadietween them. To obtain an accurate
reflection of the catalyst performance, fresh POgeAl ,O5 catalyst is used to study the
surface morphology.

Figure 3-2 (a) shows the TEM images of the fresGePtatalyst before any
sample preparation. The big white agglomerate alystre the-Al,O3; grains. The black
cubic objectives are the ceria nanopatrticles. TheaRicle is not clearly visible on this
picture due to the small particle size (2-5 nm)e Tlatalyst powder aggregated together
and was too dense to locate Pt particle. Hencecdtayst powder was diluted and ball-
milled with alcohol to get a better resolution israaller scale of 1-20 nm. Figure 3-2 (b)
shows the HRTEM imaging of the fresh PtCe catajtr dilution by alcohol. Different
contacts betweepAl,O3; and CeQ@ were observed and diverse interfaces betweendPt an
other metal particles were generated. As indicdtgdarrows, some Pt particles were
deposited on the surface of batAl,O; and CeQ particles. Some Pt sites were on the
juncture ofy-Al,03 and CeQ@. The resulting interfaces between different mptaticles

have a strong impact on the storage and reductiocepses, i.e., the oxidant spillover.
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Hence, various storage sites are generated asuli oésdifferent contacting status

between the metal picles

Figure 3-2TEM images of the fresh PtCe catalyst (a) befatetad! dilution; (b) befort
alcohol dilution.
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Temperaturgsgrogrammed reduction and desorption of the -oxidized
Pt/CeQ/Al, O3 was used to determine the storage sites over (e ¢dtalyst. Figure-3
shows the results of a temporal reduction of thdip&d PtCecatalystduring exposure to
a 1% H/Ar mixture and subject to a °C/min temperature ramp. Tlexperiment shows
that most of the Hiwas consumed in a temperature window between 5®86°C. A
sharp increase in the, consumption occurred rigtdfter the t, admission. The H
consumption dropped sharply to a low level betw2ed and 90°C, with a small peak
at 870°C. Three additional consumption pe arenoted in Figure -3; at 300 s, 400 s,
and 2400 s. The corresponding temperatures we°C, 150°C, and 19(°C, respectively.

The small but nonzero, concentration between 500 and 2408the background signal.

Temperature (°C)
450 650 850

h
=]
~
=
=]

400 +

300

H- consumption
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H-O release

100

(1] S00 1000 1500 2000 2500
Time (5)

Figure 3-3the F-TPR profile for the oxygen pretreated PtCe catz
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In the B-TPR, oxygen serves as the probing molecule toctiéte storage sites.
The H reduction of stored oxygen confirms the existeatelifferent surface storage
sites as indicated by the multiple peaks in theTAR pattern in Figure 3-3. The type of
oxygen consumed at various temperatures can bendetal based on literature results
and quantitative analysis. The lowest temperateak pundoubtedly corresponds to the
scavenging of oxygen adatoms on the exposed Ricgurfntegration of the area under
the temporal Bl consumption rate quantifies the number @fribles consumed over a
prescribed time period. 28,;8moles of O (or K) were consumed up to 1£C. This
compares to 12.pmoles of exposed Pt in the catalyst sample. Thesdts suggest that
the reaction between hydrogen and oxygen adatoswslaet on Pt atoms occurs in a 2:1
stoichiometry, possibly due to the formation of Pt@amyanova et a?® reported that
the lowest temperature at which a ¢bnsumption peak appeared is in the range of 260-
320°C on a 1 wt% Pt/12 wt% Cef@l,O; catalyst. The lower observed temperature
range is probably due to the higher activity by figher Pt loading of 2.43 wt% and the
high dispersion of 50 %. Clayton et &f! found that the light-off temperature during the
oxidation of H by NO decreases by about 1%D when the Pt loading was increased
from 0.3 wt% to 2.2 wt%. Figure 3-3 also shows tiatadditional 34.amoles of O (or
H,) are consumed between 110 and 200 This value exceeds the total amount from a
monolayer of O adatoms on the Pt by a factor ouaBBo Clearly, the most likely source
of the additional oxygen is from ceria in close pmaity to the Pt crystallite§®. The
peak at ca. 156C (300 s) and the shoulder peak at ca. A®@@ 420 s) are attributed to

consumption of oxygen supplied by the interactietween Pt@and CeQ with different
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aggregation states given the high Ce loading ofvi?8 ['*. Yao®*” has shown that the
presence of Pt shifts the intermediatecdnsumption peaks from high temperatures of ca.
500 °Cto much lower temperatures (ca. 1). This is likely due to a spillover of O
atoms from the CeQOphase to the Pt crystallites on which the redactan occur.
Finally, the fourth peak at 87C corresponds to the reduction of bulk cerium oXi&»

to CeOs as reported previously®>3* "® Hence, the accessibility of storage sites is
ranked as the Pt surface, the Pt-Ce interfaceshenckria surface.

The water desorption from the PtCe catalyst was sisdied to investigate the
affinity of reaction product to the storage sit€sere could be two types of adsorbed
water: one close to the reaction sites and ther ddreaway from the reaction sites.
Hence, two types of ¥0-TPD were carried out. The type & TPD shown in Figure 3-

4 (a) reveals that different forms of water exter the whole catalyst surface. The first
peak between 150 and 280 probably corresponds to the desorption of weakiynd
water molecules from the catalyst. The second @gata. 325°C is attributed to the
elimination of surface hydroxyl groups from thex®4. The two high temperature peaks,
at 600°C and 85C°C indicates formation of water from Ce- and Al-tethspecies. The
type Il HLO-TPD experiments shown in Figure 3-4 (b) descritifierent forms of HO
absorbed close to Pt sites. No peak for water gésarexisted at low temperature (< 250
°C), while three peaks for water desorption werated at about 35T, 600°C and 850
°C. The estimated amount of released water frometheéata was 28.1 pmoles,

comparable to 12.5 pmole of exposed Pt sites.
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A comparison of the HTPR data (Figure 3-3) and.8&-TPD data (Figure 3-4
(a)) is noteworthy. While the water desorptionkseabove 350C have corresponding
peaks in the kiconsumption data, the large release of water b&@®/C in the Type |
H,O-TPD, probing the overall water adsorption, is pi@sent in the O trace of the bt
TPR. This difference leads to a large disparitthim amount of water released during the
H,O-TPD (258 umoles) and the amount of ¢dbnsumed during the TPR (115 pmole).
These values are expected to be much closer. Tfezetice may be explained by the
type and amount of the different forms of(Has seen in the results from the Type I
H,O-TPD experiments shown in Figure 3-4 (b). No waesorption peak appears below
250°C and the water release begins above850The Type Il TPD experiments probe
only strongly-bound water in the proximity of thatalyst active sites. Hence, the
significant water released below 28D is the desorption of weakly-bound water, while

the strongly-bonded water was only removed at higgraperatures.
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Figure 3-4 the HO-TPD profiles (a) type | and (b) type

The dependence of the stored oxygen on the fe, concentration, shown as t
ratio of oxygen partial pressureg,) to the total pressure (P), is presented in Fi§-5.
The data are consistent with a Langmuir type isoth&he available storage sites car

calculated by the Langmuir equat

No axPg
Lot ©
Niotal 1+ax*Pg,

where N, is the storage sites covered by oxygeuta is the totabxygenstorage sitesy
IS a constant anddRis the partial pressure of oxygen. The OSC of tt@@eRcatalyst i

determined to be 198.4imole O/ g washcoat at 3°C.
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Figure 3-5Dependence of oxygen storage capacity on ’; feed concentration. Spa
velocity of 100,000 t* and feed temperature of 3°C.

Table 34 reports the temperature dependence of the OS@n@te O/g washcoa
classifiedaccording to the physisorbed and chemisorbed fofimsse data were obtain
by preoxidizing the catalyst with a mixture of 100 ppr/Ar at each temperature. T
total OSC decreased sharjupon atemperature increase, while the physisorbed |
was nearly constant. The chemisorbed OSC decredsedhcreasing temperature frorn
vaue of 201umole O/ g washcoat to gmole O/g washcoat as the temperature

increased from 15€C to 400°C.
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Table 3-1Effect of temperature on stored oxygen obtaingtl W00 ppm QAr feed.

Temperature) Total storage Physical Chemical
(°C) (umole O /g washcoat) (umole O /g washcoat)|(umole O /g washcoat)
150 226 25 201
250 180 25 155
350 79 25 54
400 26 24 2

As reported in Figure 3-5 and Table 3-1, the oxygtmage capacity (OSC) of
the PtCe catalyst increases with increasing oxygpetial pressure and decreases upon
raising the catalyst temperature. This suggeststhigaoxygen storage depends on both
the catalyst properties and the operating conditidime impact of operation parameters

will be discussed later.

3.3.2 Lean and Rich Cycling Experiments

Figure 3-6 shows several,Horeakthrough curves which provide important
information on the oxygen storage. The solid LRpYraescribes the Horeakthrough
during an LR experiment. During the LR experimetite catalyst was exposed to
periodic shifts between lean and rich feeds. The feed contained 5%,@ Ar for 100
s and the rich feed contained 2% id Ar for 20 s. The dashed LR graph is the H
breakthrough of an inert experiment at a monol@émgerature of 356C. The same
cycling protocol as the LR experiment was usedrdutihe inert experiment, while a feed

of pure N was fed instead of the ,Ofor 100 s. The difference between these
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breakthrough data under reaction and non-reacimart(feed) conditions is the amount
of hydrogen consumed which is equal to the totafagte of oxygen. This figure also
includes the breakthrough curves for a pulse erprtt in which nitrogen was fed for 20
s between the L-to-R shifts. The rich stream coeighia 2% KN, mixture. It also shows

a corresponding inert experiment in which nitrogeas fed for 120 s before a 20 s shift
to the H/N, mixture. The difference between these two breakitin graphs is the

strongly bound oxygen. The figure also shows theakthrough curves for an inert

monolith and an empty reactor.
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Figure 3-6 The H, breakthrough curves at a space velocity of 100{08@nd feed
temperature of 358C. Solid line: LR or Nitrogen pulse experimentssbdine: Inert LR
or nitrogen pulse experiments in which nitrogemjscted for 20s between the L to R
shiftm line: Inert experiments with inert monolith; o line: Inert experiments with an
empty reactor.
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Figure 3-7 Temporal effluent concentration in a LR cycling ekment at a spac
velocity of 100,000 t* and feed temperature of 350 °C. Lean gas cont&n€, in N,
and rich gas 2% #
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Figure 3-8IR images and corresponding temporal temperatwi#gs along a monolitl
in a LR cycling experiment. Space velocity of 1@@®i* and feed temperature
350 °C.
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The spatiotemporal temperature behavior of the ledZayst was investigated by
lean and rich cycling experiments. Figure 3-7 sholes temporal dependence of the
outlet H, O, and HO concentrations when the pre-oxidized (in 5%Ng) monolith was
exposed to a 2% #N, feed for 20 s at an initial monolith temperatufe860 °C. After
20 s the feed was switched back to a 5¥N@mixture. The effluent @concentration
rapidly decreased to zero within 5 s. At this pdim¢ oxidation product #D broke
through from its background level, followed shotly unreacted K(ca. 7 s). The water
concentration exhibited a maximum value of abod5% (or 14 umole/s), decreasing to
a value of about 0.07% (or 2 umole/s) by the tiheefeed was switched at the 20 s mark.
Upon the readmission of the M, mixture the effluent Kl rapidly decreased to zero
while a second peak of,B was observed, albeit somewhat less pronouncedthiesfirst
one; i.e., a peak of 7 umole/s.

The temporal concentration profiles do not conveydomplexity of the reaction.
Figure 3-8 shows the temporal evolution of the ntitméemperature profiles during the
lean and rich cycling experiments. Figure 3-8 (apves the 2-D IR images at five
discrete times (0, 1.5, 4, 20, 21 s) while Figw& ) and (c) show the corresponding
monolith width-averaged temperature as a functibthe monolith length. The nearly
uniform initial temperature of 358C became highly non-uniform 3.5 s after the lean to
rich switch. An upstream temperature peak of ab®u6é °C and a downstream
temperature peak of about 388 were measured. This temperature rise is duedo th
exothermicity of the reaction between thgahd stored oxygen. The data shows that the

oxidation occurred in a spatially non-uniform manné/ith time, the steepness of the
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temperature front became more moderate; the upstremperature decreased while the
downstream increased. This was caused by heat ciimvédoy the flowing gas and heat
conduction along the monolith. The temperature lpgaturned to its initial value at all
points on the monolith twenty seconds after thanjection, well after unreacted,Hhad
emerged in the effluent. The breakthrough efifktlicates that all the accessible oxygen,
both the weakly and strongly-held forms, has rehetethe given temperature. As the
oxygen was readmitted, a similar hot spot was oeskeabout 1 s after introduction of the
lean feed. The effluent transient concentratioRigure 3-7 does not exhibit any features
indicative of the complex transient temperaturdijg®.

To gain an understanding of the reduction, an is&dep gas () was fed to the
reactor at the shift from lean to rich feed. Theadion of the N purge was varied from 5
to 600 s at a fixed monolith temperature. The sp@mporal temperature patterns during
the rich phase in a Npulse experiment are shown in Figure 3-9 at a rithno
temperature of 358C and a nitrogen purge of 20 s. All other condiievere the same as
in the previously-described LR experiments (FigBr@ and Figure 3-8). The spatio-
temporal temperature patterns in Figure 3-9 (a) (@Bhdliffer significantly from those in
Figure 3-8 (a), (b) and (c), respectively. The terafure rise was only 3% and 7.5C
after 0.5 and 1.5 s after the-Eontaining stream fed to the reactor, respectivéhe
maximum temperature rise of 8°€ was reached 2.5 s after the-¢dntaining stream
was fed to the reactor. A temperature wave tragedleng the monolith in 3 s and the

cooling commenced after that time as shown byehgerature profile at 3 s.

60



350 =C 359 °=C

= o}

Temperature Rise (°C))
i .

—

0 | 2 J 4
Monolith Length (cm)
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Figure 3-10Temporal effluent concentration in a s nitogen pulse experiment. Spe
velocity was 100,000 ™ and feed temperature 350

The corresponding temporal dependence of the efflgas composition durir
the N, sweep experiments is shown in Figu-10. The trends were qualitatively t
same as in the experiment without the sweep gasigi-7), but a much smaller amot
of H,O was produced. The amount o, that reacts can be determined by the differe
between the KHbreakthrough curve in the n-reactive experiment (absence of-stored
oxygen) and reactive experiment (presence c-stored catalyst). Tabl3-2 reports the
H, consumed (inumole F,/g washcoat) and fraction converted (%) for sevdifrent
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N, purge times at a monolith temperature of 350The B consumption and conversion
decreased with increasing purge duration. Withopugge, the maximum temperature
rise was about 28C, while for a protracted, 300 s, urge the maximum temperature
rise was only 7.8C. The corresponding conversion of f&éd during the 20 s long

reduction was 29.5% for the former case but or¢bfor the latter.

Table 3-2Effect of N pulse time on KHlconsumption.

Pulse time (S'HZ consumption (umol H/g washcoaﬂHz conversion (%)AT max(°C )
0 960 29.5 25.1
5 630 19.4 15.6
10 448 13.8 12.3
15 243 7.5 10.1
20 211 6.5 8.4
300 181 5.6 7.8
600 187 5.7 7.7

The large differences in the temperature rise apadtiverted in the Nsweep
experiments are attributed to the amount and typaxggen present at the start of the
reduction. The inert gas stream removes thehat is either weakly adsorbed on the
catalyst or held up in the pores of the washcohe fraction of the oxygen removed
depends on the duration of the sweep gas; the ldhgesweep flows the more oxygen is

removed. The data in Table 3-2 imply that mostha bxygen removed at 35C is
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weakly held since 96@mole H/g washcoat reacted with no sweep whereas only 181
umole H/g washcoat reacted with a 300 s sweep. The latteunt clearly corresponds
to a strongly-bound (chemisorbed) oxygen, compgiginly ca. 19% of the total oxygen
trapped during the pre-oxidation with the 5%/N3 mixture at 350C. The amount of
oxygen that reacts in the switching experimentsoissistent with the maximum storage
capacity of 198.41 pmole O/g washcoat in the oxygaake experiments.

The experiments reveal that when no sweep is caedumost of the oxygen that
reacts at high temperatures, up to 81%, is physsboxygen .This can be confirmed by
comparing the results from the LR cycling and mj&o pulse experiments. The much
lower temperature rise of the hot spot after arpodeéd N sweep at 350C (Figure 3-9)
underscores the fact that only a small amount efstiored oxygen is chemisorbed. As
Figure 3-8 (b) and (c) indicate, upstream ignitomcurs right after introduction of the,H
The rather stationary feature of the hot spajgests that all the accessible upstream
oxygen is consumed within 8 s. After that unreadtiednoves downstream. The local
temperature rise increases the rate efaidation, which has an intrinsic activation
energy of 20-40 kJ/mol€” "8 while H, is completely consumed in the upstreans; H
free N gas flows downstream, removing the loosely-bourgigen. Heat-up of the
downstream section of the monolith by convectiord aonduction increases the
chemisorbed oxygen release rate. By the time hyragaches the downstream, the
adsorbed oxygen has been largely depleted. Thigeepte formation of a downstream
moving temperature front, which would have occuifate adsorbed oxygen would not

have been reduced by the flow.
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Balances of the amount of hydrogen and oxygen fed eonsumed in the
monolith enable a check of our interpretation a$ tthain of events. Feeding the 2%
H./N, mixture for 5 s supplies 3Q@nole of H. During the first 3.5 s about 21dnole of
H, and O react. We previously determined that a)g60le O/g washcoat (or 336nole
O for the 350 mg washcoat) is present at the sfattie reduction. Of this, about 778
umole O/g washcoat (or 2748nole O for the 350 mg washcoat) is loosely-bourttusT
sufficient oxygen is present to react with the iH the upstream of the reactor. The
amount of Q that can be removed by a 3.5 s9Weep can be estimated from the data in
Table 3-1. Interpolation between the no-sweepthad s sweep predicts that about 729
umole O/ g washcoat (258mole O) is consumed in the first 3.5 s. Thus, afterfirst
3.5 s in which the hydrogen is consumed in therapst, the nitrogen sweep removes the

majority of the oxygen adsorbed in the downstre&the® monolith.

3.3.3 Impact of Operation Parameters

Figure 3-11 shows the dependence of the maximunpdsature rise on the
monolith temperature and space velocity duringlRecycling experiment. Interestingly,
the highest temperature rise occurred at the lomestolith temperature. The maximum
temperature generally decreased with increasingotitbrtemperature. A moderate but
reproducible increase was observed at 350 These trends are an indicative of the
dynamic nature of the oxygen exchange betweenyBtatlites and the surrounding ceria
phase. Temperature-programmed experiments (Fig@jesBggest that oxygen spillover

occurs at the interface of the Pt and ge®ading to reaction. Above 15C there is
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evidence for enhanced oxygen exchange betweendPteara via spillover. Hence, the
decrease in the peak temperature rise as the rttotednperature increased from 1D

to 300°C is likely due to the oxygen spillover from thedPystallites to the CeQThat is,
the coverage of chemisorbed oxygen is highest \at temperature (Table 3-2). This
enables more oxygen to react under these conditdsghe temperature is increased
there is a sharp drop in amount of chemisorbed exyyailable to react. The modest but
reproducible increase in the peak temperature ais850°C may be attributed to an
increase in the reaction rate. Water TPD experimeveal that the strongly-bound water
in the proximity of catalyst active sites beginsbi® released at a temperature of about
350°C. Alexeev et all’”® reported that surface hydroxyls on the supportiioeto form
water. They argued that this frees up additionsdssior reaction with a subsequent
increase in the temperature. Thus, in the currer@yswith the Pt/Ce@Al,O3 catalyst
the release of the strongly-bound water in the ipndy of the Pt crystallites may
increase sites available for additional reaction &mperature increase. Finally, the
decrease in the maximum temperature rise betwe@raB8 400°C is likely due to @
desorption from the Pt as seen in Table 3-2.

The maximum temperature rise at the LR and RL $wéichibits a qualitatively
different dependence on the monolith temperature RL switch leads to a reaction
between pre-adsorbed/stored hydrogen and oxygemtfie gas phase. The much lower
temperature rise upon the RL switch indicates thatPt/Ce@Al O3 stores less Hthan
0,. At 350°C the estimated amount of, khat reacts is 3¥moles, which is comparable

to the amount of exposed Pt atoms of inbles (43.7*50%=21.amoles). The lack of
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a secondary source of stored hydrogen as in thee foaoxygen limits the temperature
rise. Below 250C the maximum temperature rise increases with teaye. Above 250
°C, the dependence of the maximum temperature risth® monolith temperature is
similar to that following the LR switch; i.e., ikBibits a local minimum and maximum.
The interaction of transport and chemical rate psses contributes to the trends. For
example, as the monolith temperature increasesghiibrium coverage of hydrogen on
the Pt decreases. On the other hand, the amouesidiial hydrogen in the monolith may
increase with temperature because of the increadiffgsivity of hydrogen with
temperature. In the temperature range of Z5@0 400°C, an increasing rate of oxygen
spillover from the ceria to the Pt may increase ieximum temperature, and water

desorption may lead to the maximum temperatur&@fG.
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Figure 3-11Impact of monolith space velocity on the maximumperature rise durin
LR experiments.

The breakthrougigraphsof the hydrogen in the cycling and inert LR expenmnts
are shown in Figure-32 for monolith temperatures of 100 and °C at a space velocity
of 100,000 ht. The data in Figure-12 suggests that the, ptake at 10C°C is smaller
than at 350°C, a counterintuitive result. The breakthrough ceraee the average of .
LR cycles, so that accumulation of adsorbed hydrogeto the washcoat during t

initial rich feeds cannot be ruled out. This wolddd to blockage of adsorption sites
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an apparent lower uptake at 1 Due to a reduced likelihood of this happening%a
°C, a somewhat reduced mass transfer resistandésrizsa longer breakthrough time at
the higher temperature. A comparison of thebireakthrough experiments for an empty
reactor tube and bare monolith at 3%D with that for the inert LR reveals that the
washcoat delays the,Hbreakthrough by about 3 s. The delay is due takgbf B on
the Pt in the washcoat. This indicates thatHsorption/diffusion on the washcoat is the

rate limiting process under non-reactive conditions

80

Reactant effluent rate (umole/s)

0 10 20
Time (s)
Figure 3-12Impact of monolith temperature on breakthrougtinattransition from lean
to rich phase with a space velocity of 100,008 lrashed line: Inert experiment; Solid
line: LR experiments{>Line: Inert experiment with an empty reactor at 360 ILine:
Inert experiment with an empty reactor at 350 °C.
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Figure 3413 describes the dependence of th, breakthrough times ar
conversioron the monolith temperature. It shows that the tifierence between the,
breakthrough in the LR and inert experiments isemtslly independent of tr
temperature. Table 3+eports the kibreakthrough times and estimates of tf, reacted
and converted at several temperatures. The tabutita shows that at a constant sy
velocity the amount of reactec; is essentially independent of the monolith tempeea
This is due to the nearly fixed amount of physisorboxygen for aixed oxygen

concentration in the bulk gi
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Figure 3-13Dependence of , breakthrough time in the LR cycling and in
experiments at the transition from lean to richgghand of the average hydrog
conversion on monolith temperature.
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Table 3-3 Impact of monolith temperature. T: monolith tengiare; {: Breakthrough

time for lean and rich cycling experiments;Breakthrough time for inert experiments.
H, consumption
T(°C) | ta(s) | toS) [ta-t2 (S)|Tmax (S)| Trmax(°C) Xe (%)
(umole /g washcoat
100 5.6 1.8 3.8 3.8 315 885 27.p
150 5.6 1.9 3.7 3.8 29.2 972 29.9
200 6.0 2.4 3.7 3.7 27.3 976 30.0
250 6.4 2.8 3.6 3.7 25.5 972 29.9
300 6.7 3.1 3.6 3.6 22.5 969 29.8
350 6.9 3.4 3.6 3.6 25.1 960 29.5
400 6.8 3.4 3.4 3.4 21.9 929 28.5

The maximum temperature rise increases monotoyieath space velocity for a
constant monolith temperature (Figure 3-11). A Brglspace velocity increases the
amount of H fed during the rich feed so that more physisorbegben is consumed at
the beginning of the rich feed (Table 3-4). Theréase of the space velocity also
decreases the hydrogen breakthrough time in betlybling and inert feed experiments.
The breakthrough curves forlih the LR experiments are shown in Figure 3-14lioee
space velocities. At a high space velocity the lygeaierated by the upstream reaction is

rapidly convected downstream due to the higher flat® and heat transfer coefficient.
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Figure 3-14Impact of Space velocity on breakthrough with miahaemperature of
350 °C. Dash line: Inert experiment; Solid line: ERperiment.

Table 3-4Impact of space velocities.T1: Breakthrough timeléan and rich cycling
experiments; T2: Breakthrough time for Inert expents.

Space H, consumption

velocity [ Ty(s) | Ta(S) | T1-T2(S) | Tmax (S) | Trmax(°C) (umole /g [X(%)
(1/hr) washcoat)

60000 8.3 4.3 4.0 4.1 17.7 481 37.6
80000 | 7.4 3.7 3.7 3.8 20.2 668 33.6
100000 6.9 3.4 3.5 3.6 25.1 960 29.5
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An increase in the ffeed concentration results in a faster and morensxte
reduction. Figure 3-15 (a) compares the temporattiee and non-reactive effluent H
concentration for kifeed concentrations from 1 to 5 % at a fixed mithaémperature of
350 °C. Table 3-5 reports the data at the three cormtéots. The catalyst in these
experiments was subjected to the same pre-oxidéyoa mixture of 5 % &N,. As
expected, the breakthrough time is shorter for geeih higher feed concentrations. A
positive-order dependence of the hydrogen conswmatn its concentration is apparent:
The amount of K consumed increases with feed concentration foixedf initial
concentration of oxygen. However, theddnversion decreases (Figure 3-15 (b)).

The effect of the @feed concentration on the ldonsumption is shown in Figure
3-15 (b) and compiled in Table 3-5. The tded concentration in these experiments was
5 % and the temperature 3%D. Increasing the £concentration increases somewhat the
total amount of K that reacts during the reduction. Clearly a higl@r feed
concentration increases the amount of stored oxygence, the kiconversion increases

upon increasing &feed concentration.
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Figure 3-15Impact of the reactant concentration on the avenggeogen conversio
during a LR experiment. Feed temperature was 858ntl space velocity 100,00(™.

Table 3-5Impact of hydrogen and oxygen concentrations. Thatith temperature ;:
Breakthrough time for lean and rich cycling expennts; ,: Breakthrough time for ine
experiments.

H> H, consumption Xe
O2 (%) | ta(s) | t2(S) | ti-t2(S) | Tmax (S)|Trmax (°C)

(%) (umole /c washcoat)| (%)
1 5 9.8| 2.2 7.6 7.7 16.0 647 48.8
2 5 6.9 34 3.5 3.6 25.1 960 29.5
5 5 251 0 25 2.5 56.9 1851 21.9
5 25| 221 0 2.2 2.2 44.1 1334 15.8
5 1 16| O 1.6 1.6 26.2 632 7.5
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3.3.4 Use of CO and CO/kIMixtures as Reductant

Experiments with CO and a COflhixture with a 3:1 feed ratio were carried out

following the same procedure as those feitddclosely mimic the actual vehicle exhaust.

The experimental results in a temperature ranga 00°C to 400°C are summarized in

Table 3-6.

Table 3-6Impact of different reductants. The Delay errat 3.2 s; the Tmax error is +

0.4°C; the error of consumed is + 3.5 pumole O/ g waahco

Temp (°C) 100 [ 150 200 250 30d 350 440
2% CO Delay (s) 22| 24 4% 47 5 5P 43
Tmax (°C) 45| 11| 257 278 309 33 29.3
Noz2->coz(Mmole O/ g
washcoat) 238l 63§ 70y 759 776 8Q09 7188
2 % H Delay (s) 56| 58] 61 64 67 6% 68
Tmax (°C) 32.2] 29.2] 274 254 225 24]8 22
Noz->H20 (HMole O/ g
washcoat) 886 973 978 972 969 960 929
1.5 %
(6{0) Delay (s) 3 3.5 4.9 5.1 5.4 5% §H1
+0.5 %
H, Trmax (°C) 89| 175 305 329 338 364 295
No2->H20+coz(HMmole
O/ g washcoat) 471 777 824 852 863 8f6 $45
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Table 3-6(continued) Impact of different reductants. Thddyeerror is + 0.2 s; the
Tmax error is + 0.4C; the error of consumed is + 3.5 umole O/ g waahco

From H 144 | 212] 268] 281 279 276 247
From CO 333| 565 556 571 584 600 598
1.5 %
co Delay (s) 26| 3.2 47 5 52 54 46
Tmax (°C) 37| 89| 211 244 26% 29f 258
No2->coz2(Hmole O/ g
washcoat) 192| 596 659 71f 741 763 452

Typical effluent concentrations as a function ofigi for the different feeds are
shown in Figures 3-16 and 3-17 at 3%D and 100°C, respectively. There are several
noteworthy features. As shown in Figure 3-16 (@pruthe introduction of 2% CO, GO
was produced nearly immediately, indicating theuctidn of adsorbed and stored
oxygen by CO. The effluent Qlecreased monotonically with time as the efflueft
increased monotonically with time. During the sitankous breakthrough of CO and
CO, a transient catalytic reaction occurred betweena@@®the surface oxygen. A peak
CO, production occurred at the same time as the depletf effluent Q (peak
concentration of 1.2% at 3.6 s). The breakthrouglCO occurred shortly after the
maximum in CQ production peak (5.2 s). That g@ontinued to be produced even after
the depletion of effluent Oindicated reaction between CO and stored oxygeplsd
by the ceria to the Pt. When switching back told#am feed from the rich feed at the 20

second mark, a sharper g@roduction peak (~ 1.6 % maximum at ca. 21 s) apguk
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This peak indicated that the CO that was retaingdhb catalyst reacted with the gas
phase @that was admitted to the reactor.

The dynamic response of the Fed was quite different from the CO feed, as
shown in Figure 3-16 (b). One notable differences wee lack of a clear connection
between the kO and H breakthrough during the switches between richlaad feeds.
The formed water bound to the alumina-supportealysttwith varying degree of affinity
as Figure 3-4 shows. The water breakthrough waeftire delayed and more protracted
than that of CQ Therefore it certainly was not a reliable indaradf the transient H
oxidation. The results obtained with the 3:1 cadfeé CO and Hare shown in Figure 3-
16 (c). Nothing unusual was noted at this reldiviegh temperature with the exception
of some shifting in the breakthrough times and peaicentrations for Cand HO.

More intricate results were obtained at lower mahdkeed temperatures. Figure
3-17 shows the behavior at a much lower feed teatper of 100°C at which the strong
binding of CO to Pt becomes a dominant featureur@@-17 (a) shows a significant
decrease in the Gproduction compared to that at the higher tempesafFigure 3-16
(a)). At 100°C the maximum concentration of G@roduced was only 0.4 % after the
shift from lean to rich phase compared to abou®dlfdr that at 350°C. The self-
inhibition of the CO oxidation rate by CO is welhdwn. At steady-state and for a
sufficiently high CO/Q, the Pt sites are mostly occupied by CO. Undesdttonditions
the reaction is limited by CO desorption, and theeris of -1 order in CO and the

apparent activation energy is close to the CO bimeinergy (ca. 100 — 140 kJ/mole). At
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low temperature LR experiments the Pt probably b rapidly covered with CO
which limits the spillover of O adatoms from th@ymal ceria phase.

The CO inhibition was more apparent when the cstalyas re-exposed to,O
after the 20-s rich period. In comparison to th@ 35 data (Figure 3-16 (a)) the lower
temperature breakthrough of, @as more protracted and had a somewhat staggered
appearance (Figure 3-17 (a)). There was also aleotkelay in the production of GO
which had a small but measureable peak of ~0.2 Bésd trends suggest a slow uptake
of oxygen by the catalyst due to the inhibitionthg adsorbed CO. The pathway for re-
oxidation of the ceria via the Pt crystallites istetred. Only as CO desorbs or reacts,
freeing up Pt sites, can,@lissociatively adsorb and spillover to the cefibe noted
delay in the evolution of CQat 100°C and its immediate appearance at 35qFigure
3-16 (b)) underscores this impact of the CO infohibn the transient features.

Whereas the effect of Hon the CO reduction was hardly noticeable at highe
temperature, the situation was much different @ 4@ The breakthrough of Ovas
much smoother for the 1.5% CO/0.5% tith feed (Figure 3-17 (c)). More apparent was
the shorter delay in the production of Cédter the start of the lean phase. The maximum
of CO, production appeared earlier at about 25 s witlgh boncentration of ~0.3%. The
desorption-reaction process for the CO feed (Fig#6 (a)) was clearly much less

pronounced, suggesting influence of theod the CO oxidation.
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Figure 3-16 Temporal effluent concentration with different rethnts in LR cycling
experiments at a space velocity of 100,0C* and monolith temperature of 350 °C. (a)
CO as reductant; (b) 2% , as reductant; (c) 1.5% CO and 0.5 &, as reductant. The

same legend applies to all three figures.
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Figure 3-17Tempora effluent concentration with different reductantd.R cycling
experiments under the space velocity of 100,01 and monolith temperature of 100
(@) 2 % CO as reductant; (b) 2 9, as reductant; (c) 1.5 % CO and 0.5 % as
reductant. The legend plies to all the three figure

Figure 348 (a) compares the amount of, reduction/C( production for

reductants withdifferent concentratior of H, and CO. Fompure CO feed, the oxygen

consumption, denoted INo2->coz IS a sensitive function of the reductant conceiutne
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and the monolith temperature. With 2% CO, the oxygensumption of 238 pmole/g
washcoat at 106C increases to 809 pmole/g washcoat at 350 The consumption
achieves exhibits a shallow maximum at 860 decreasing to 788 pmole /g washcoat at
400 °C. With 1.5% CO the oxygen consumption increases fi92 pmole /g washcoat
at 100°C to 763 pmole /g washcoat at 380 and then decrease to 752 pmole /g
washcoat at 408C. The increase of the oxygen consumption at higl@rconcentration
suggests that the periodic oxidation is limitedthy residual amount of reagents during
the switches. Of more interest is the comparisotheftemperature dependence of the
oxygen consumption by the pure CO and the GOrkkture feeds. While the dependence
is qualitatively similar, more oxygen is reducedtbg CO/H mixture at 100C than that
by either the 1.5 or 2.0 % pure CO feeds. Thisrblaadicates an enhancement of the
CO oxidation by the Hat low temperatures. We discuss this finding belés the
temperature is increased above 1% the consumption rate of the pure CO feed
eventually exceeds that that for the C@rixture. The CO experiments indicate that the
external mass transport probably contributes toothidation rate especially at the high
temperatures. As the Hiiffusivity is 3—4 times higher than that of G&, the supply
rate of the Hto the Pt sites exceeds that of the CO. Thust #fteconsumption of the
oxygen by the hydrogen less oxygen is availableaot with the CO. This explains why
Noz2->cozdecreases when 0.5% I4 added to the feed containing 1.5% CO.

The enhancement of CO oxidation by Has been previously reported in a
number of studies. Salomons et showed experimentally thattddition reduces

the light-off temperature for CO oxidation. Bhate al. ®” highlighted earlier
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experimental studies that report interactions betwadsorbed CO and H on Pt. Bhatia et
al. have shown using either a microkinetic or gldbaetic model that the reduction of
the CO binding energy by the formation of a surfsygecies such as HCO can predict the
H, enhanced CO oxidation. The formation of anotherfase species like COOH
encountered during water gas shift chemistry masd enhance the CO oxidation rate.
The current study indicates that the enhancemenbceur also under transient operation.
This affects the performance of catalytic converter

The experiments show rather different reactivitg &mperature sensitivities of
CO and H reductions of oxidized ceria. As mentioned abov®, &xidation is quite
sensitive to temperature, while ldxidation is much less sensitive. Table 3-6 shthas
the oxygen consumption rate achieves a maximunewvadl®78 pmole/g with fas the
reductant compared to 809 umole /g for the sameeasuration of CO. His clearly the
more effective reductant. Moreover, the temperatdependence of the oxygen
consumption is much less pronounced fagr ¢¥ver the 100 to 400C range. These

findings are consistent with the known rather lasiveation energy of kloxidation!’”"®

83].

The spatio-temporal features of the four reducasd$ did not reveal new
behavioral features of the hot spot and traveliramntf Figure 3-18 (b) compares the
maximum temperature rise values. For 2% CO theimax ATy iS ca. 33°C at a
monolith feed temperature of 358G, whereas for 2% Hthe maximumAT . is ca. 32
°C at a monolith feed temperature of 10 The decrease of the maximum temperature

rise from 350°C to 400°C for CO could be due to the increased oxygenasyt from
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the Pt to the Cef) as discussed earlier. These results underscergath that b, is a

more effective reductant than CO at low temperatune a rore reliable indicator of th

surface oxygen, in line with the results fr previous studie

8082, 84871 yer the entire

range of monolith temperatures the maximum tempegatise for the CO/, feed

mixture is higher than that for the CO feed. Thi¢ a clear manifestation of the,

enhancment of the C( oxidation.
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Figure 3-18Impact of monolith temperature at a space velaxfity00,000 h™ on (a)
oxygen consumption by CO oxidation (b) maximum teragure rise. Feed compositi

of 2% CO;® 1.5% CO and 0.5 %214 2 % F,.
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3.4 Conclusions

The combined use of infrared thermal imaging and ghase composition
measurements enabled a spatial and temporal nesolaf the periodic oxidation—
reduction of a model Pt/Ce@l,0; monolith catalyst under cyclic feed of oxygen and
either hydrogen, CO or a CO/lIrixture.

The spatio-temporal temperature behavior is raithieicate as a hot spot forms
immediately upon the feed switch. While the hydroge consumed in the monolith
upstream right after the lean-to-rich (LR) trarmitthe almost pure nitrogen flow sweeps
most of loosely-bound oxygen in the downstream.sThrevents a downstream
movement of the upstream temperature front. Theiimam temperature rise after a LR
switch is much higher that following the RL switdiecause the oxygen adsorbed on the
Pt is replenished by spillover from the Ge@uring the LR switch. However, the
hydrogen adsorbed on the Pt is not replenished idteonsumption following the RL
switch. The breakthrough pattern of the hydrogdlueft is indicative of the adsorption
conditions in the washcoat. An increase in the ritthndemperature decreases the
difference between the maximum temperature risaioéd following the LR and the RL
switches. The highest maximum temperature rise ubdéh RL and LR switches is
obtained at about 351 due to water desorption at that temperaturegwesated by the
TPD experiments. This frees up occupied Pt sitasititreases the reaction rate and heat
generation.

The nonuniform spatial temperature is due to angtrooupling between the

chemistry and transport. It indicates that predictiof the apparent kinetics of the
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Pt/CeQ regeneration based on the feed and effluent spemaesentrations can be
misleading. Any kinetic model must be able to eithecount for the complex spatial
temperature patterns or be based on experimemthioh these gradients are eliminated.
This conclusion is applicable to any exothermiagrant reaction.

Feeds of a 3:1 mixture of CO and Henerated intricate transient effects. The
gualitative features of the hot spot formation amaveling thermal front are not
influenced by the reductant type. Quite interegtinteractions between the transient
oxidations of CO and Hare evident especially at low temperature. Pres/giudies have
shown that H can enhance the steady-state light-off of CO didaThis study shows
that this enhancement exists also under periodiditons when the supply of oxygen to
the catalyst is from the ceria. Undoubtedly thegport of oxygen via spillover to the Pt

crystallites participates in the process.
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Chapter 4 NO, Storage and Reduction over the PtCe Catalyst

4.1 Introduction

This study is a continuation of previous studiestio® impact of lean NQOtrap
catalyst composition on its performance. The cotigaal Pt/Baj-Al,O; LNT catalyst
has been extensively investigated both in univeitd industrial laboratories. Ceria is
added to the LNT catalysts to overcome some inhefeficiencies, such as $Qoison
(35,89 pGM aging®® and unstable surface ar€d. On the other hand, ceria addition
causes undesirable side effects, such as excelsleconsumption and expensive
catalyst cost. A fundamental understanding of tbke of ceria in LNT catalyst is
essential to understand its advantages and disedyem during NQ storage and
reduction.

NO, can be stored over ceria due to its oxidizing meelf} °*. This increases the
NO, storage capacity, especially at low temperatukH®wvever, the accompanying
oxygen storage requires a high reductant consumpgtoregenerate the catalyst. The
interaction between Pt and ceria complicates tbeagé and reduction of NOThe
interactions between Pt and ceria facilitates theuad spillover of @ and NQ during
the fuel-lean operation and,tnd CO during the fuel-rich operation. This chantiee
storage and reduction chemistries and generatdsratif storage mechanisms. For
example, the storage sites close to PGM, “fass’sitean be filled and regenerated faster
than the sites far away from the PGM, “slow sité®ie stored species over the fast and
slow sites are different. Hence, it is importantd&termine the surface species formed
over ceria during the NSR process.
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The storage and reduction of N@as investigated by contacting a model
Pt/Cef-Al,O3 catalyst with different gaseous mixtures. Diffuseflection infrared
Fourier transform spectroscopy (DRIFTS) and tentpesaprogrammed methods were

carried out to determine the N@nd Q storage and reduction over the PtCe catalyst.

4.2 Experimental

4.2.1 In situ Diffuse Reflection Infrared Fourier Transform Spectroscopy

The evolution of surface species on the PtCe cstalyas investigated by the
diffuse reflection infrared Fourier transform spestopy, detecting the vibration modes
of adsorbed molecules. The DRIFTS experiments veargied out using a Thermo
Nicolet 6700 FT-IR spectrometer equipped with a M@dtector. 60 mg catalyst was
loaded into the DRIFTS cell (Harrick Scientific Buets, Inc.) equipped with two KBr
windows. To ensure a similar surface status bekiogage, the PtCe catalyst was
pretreated at 500 °C in a 5% lh He gas mixtures for 1 hour before every rune Th
catalyst was then cooled down to 50 °C in a purdid¥e of a flow rate of 50 sccm. The
IR background spectrum was collected as a referaittea resolution of 4 cihfrom
400 cni' to 4000 crit for 64 scans before every experiment. This eliteiciathe
instrumental and environmental noise. During thpeeexnents, the PtCe catalyst was
exposed to gaseous reactants, comprising of 10600N@, with or without 5% Qin a
He flowfor 30 minutes. After 30 min of NGstorage, the catalyst was purged by pure He
for 30 minutes to remove the physisorbed surfaeeisp. The temporal IR spectrum with

accumulation of 64 scans was collected at 1, 42@030 and 60 min.
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4.2.2 Temperature Programmed Methods

The temperature programmed experiments were caouédo study the surface
reactions and the species adsorption on the Pt@éysta A PtCe powder catalyst was
loaded in the quartz tube flow reactor equippedh\&itjuartz frit plate. The catalyst layer
thickness was kept below 1 cm by inserting an igesrirtz wool on the top. Before
conducting any the temperature programmed expetjrtien catalyst was pretreated in 5%
H, at 500 °C until no water was detected in the efituand then cooled down to 50 °C
under a pure Ar flow at a flow rate of 200 sccmeTRal-time effluent concentrations
were monitored by a quadrupole mass spectrometdS(@irrus LM99, MKS inc.) and
a FTIR (Thermo Nicolet Nexus 470) during the terapare programmed experiments.

In the NQ-TPD experiments, a gas flow, containing 5000 ppghdd NG in Ar,
was fed to saturate the PtCe catalyst at 50 °@G@omin until the effluent concentration
was the same as that of the feed. The physisofezles were then removed by purging
the catalyst with a pure Ar flow until the N@ffluent concentrations were below 10 ppm
(typically about 30 minutes). The catalyst tempaeatwas then increased from 50 to
500 °C with a temperature ramp of 20 °C/min in eeplr flow. In some experiments, 5%
O, was fed to the PtCe catalyst along with, \NDring the oxidant storage.

During the H-TPR experiments, the PtCe catalyst was pretreattddifferent
oxidants consisting of NOand Q mixtures. During the pretreatment, the catalyss wa
contacted with 5000 ppm NO or M@t 50°C until the effluent concentration was the
same as the feed concentration. The catalyst suvfas then purged by a pure Ar flow

for 30 min. Following this, 2000 ppm.Hn an Ar flow was fed to catalyst and the
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catalyst temperature was increased to 8D@vith a temperature ramp of 2G/min. In
some experiments, 5%,@as fed to the PtCe catalyst along with 5000 ppgthdd NG,

during the oxidant storage to generate differerfase species.

4.2.3 NQ, Storage and Reduction

The deNQ performance of the PtCe catalyst was tested byimgnthe NQ
storage and reduction experiments. Before the expets, the PtCe catalyst was
pretreated in 5% Hat 500 °C until no water effluent and then coaledn to the desired
temperature under a pure Ar flow at a flow rate 1800 sccm. A schematic of
experimental procedure of NGtorage and reduction is shown in Figure 4-1.Tts f
step was the oxidant gONO and NQ) storage. 500 ppm of NO or N@ith or without
5% O, was fed to catalyst for 10 min. The differencewssin the feed and exit
concentrations enabled the measurement of oxidéorage capacity at different
temperatures. The second step was an Ar purgepfiymsorbed species were removed
by a pure Ar flow for 10 min. The chemisorbed specias determined from the
difference between the physisorbed species andotiaé adsorption. The comparison
between the chemisorbed and physisorbed specidi$feaent temperatures enabled an
evaluation of the thermal stability of the surfapecies. The third step was the surface
reduction. 5% Hwas fed to catalyst, while the catalyst tempegatuas increased to 500
°C with a temperature ramp of 25 °C/min. This readuc enabled the closure of N

balance and provided information about the nitrogeth oxygen storage.

89



Oxidant Storage | Ar Purge Surface Reduction
& — <
. I
Feed Concentration !
________________ 1
I
Oxidants ! . .
. (l ! Physisorbed Reaction
or .
} e ! Oxidants Product

Exit Concen. !

e — e e e —————— = Y -

o
—]

Time (min)

Figure 4-1A schematic description of NOx storage and redactioperimen

4.3 Results andDiscussior
4.3.1 NQ Storage Mechanism: over the PtCe Catalyst

In situ NQ; storage was carried out over the PtCe cataly$tarDRIFTS cell. Th
PtCe catalyst was prreduced before the experiment as described edfigure ~2 (a)
shows the temporal olution of DRIFTS spectra upon the exposure of RtCEO00 ppn
NO in He at 50 °CThe assignment of bands was done based on 4-1. Initially, the
NO was adsorbed only on the Pt sites. Only onengtbmnd was observed at 1760™
with a shoulder at around 1700 *, both of which were due to the-NO stretchind®*
%1 The intensity of the -NO peak barely changed in the first 30 minutess Tindicatec

the saturation of Pt sites. After 10 minutes, NG wtbred as nitrates th bands at 1270,
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1450, 1560 and 1620 c¢hi®>°! After NO storage for 30 minutes, the catalyst was
purged by He for 30 minutes. The intensity of titeNP® peak decreased, while the
nitrate peaks intensified. This suggested thatRhaitrosyl species were unstable and
transformed to the surface nitrates. Figure 4-2d@scribes the adsorption spectra over
Pt/ceria as a function of time of exposure to 1ppt NO and 5% ©in He at 50 °C.
The strong Pt mononitrosyl peak at 1760 cappeared immediately, while the bands of
nitrates at 1240-1270 ¢hand 1450-1620 cthshowed up after 4-30 min of adsorption.
The monodentate, chelating bidentate and bridgidgnibate nitrates were observed at
1450, 1560 and 1620 chrespectively®” °8 After 30 min of He purge, the unstable Pt-
NO peak decreased, but the nitrate bands remagseshigally unchanged.

Figure 4-2 (c) shows the IR spectra after 30 mirDgfpretreatment. The band
around 1650 cihwas due to the oxidation of €2 to CeQ. Figure 4-2 (d) shows the
time-resolved NO adsorption spectra over Pt/cdter axposure to 5% £for 1 hour at
50 °C. The strong Pt-NO peak at 1760 cand the nitrate peak at 1270 tmmerged at
the same time. The large shoulder at around 1650 appeared after the oxygen
treatment of Pt/ceria as shown in Figure 4-2 (cjl #mus did not reflect the NO
adsorption. Other nitrate peaks emerged as thosBigare 4-2 (b). The DRIFTS
spectrum barely changed from 4 to 30 min. He purge little impact on the surface
nitrate species, except on the Pt nitrosyl. In siiv@ Pt nitrosyl was the dominant species
upon the catalyst exposure to NO, while the surfatrate formation was enhanced in

the presence of O
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Figure 4-2 Temporal IR spectrum following exposure of Pt/cati®0 °C to (a) 100
ppm NO; (b) 1000 ppm NO and 5%; (c) 5% Q; (d) 1000 ppm NO after 5%,.
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Table 4-0-1The assignment of IR bands

Peak assignment Species Ref
1240-1270 the bridging nitrate on Ce 96,97,101, 102
1420-1460 monodentate nitrito and nitrate on Ce| 92,94,97,101, 102

1450 monodentate nitrate on Ce 97,100,101, 102
1560 chelating bidentate nitrate on Ce 95,96,9,101, 102, 103
1620 bridging bidentate nitrate on Ce or Al 94’95’961’82’101’ 10
1650-1700 NO; 104
1740-1760 N2O4 97,101, 102,104
1700-1760 Mononitrosyl on Pt 92,93,97,98,101, 102
270 360
£ 180 £ 240 -
= &
g £
5 g
g g 120
S S
0 g } T : 0 f T
50 200 350 500 50 200 350 500

Temperature (°C) Temperature (°C)

Figure 4-3 Exit concentration as a function of temperaturergu¢a) NC-TPD and (b)
NO+O,-TPD.

In addition to the DRIFTS experiments, TPD expentasewere carried out |

study the adsorbed surface species. Fig-3 shows the NO-PD and NO+(G-TPD

profiles. During the N-TPD, NO was the main gas product during the tentperaamg
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and two desorption peaks appeared at 200 and 350AACNO, release peak was
observed at 200 °C. The desorption peak at 200a€assigned to the decomposition of
Pt-NO species. Approximately 15.2 pumol NO was desdrbefore 300 °C. The amount
of NO adsorbed was almost double to the amounkpbsed Pt (7.9 umol), suggesting a
2:1 stoichiometry. The N£desorption peak at 200 °C and the NO desorptiak pe350
°C were attributed to the decomposition of surfatetes. Above 350 °C, the released
NO; dissociated to NO. During the NO#OPD, two similar NO release peaks were
observed and the magnitude of the second NO rejeasle was much higher than the
corresponding one in the NO-TPD. Another Nd&@sorption peak appeared at 350 °C in
additional to the desorption peak at 200 °C. Mof@, kelease was observed when NO
was fed with Q. No NQ, release was observed when the catalyst tempenatgdigher
than 500 °C, indicating the depletion of adsorbedcges. This is in line with the
production of NQ by oxidation of NO on the Pt.

According to the results from DRIFTS and TPDs, NtOrage over Pt/ceria
proceeds through a Pt-catalyzed route. As indicatdedgure 4-2 (a) and Figure 4-3 (a),
storage only occurs on the Pt surface initiallytlas immediate appearance of Pt-NO
bands. After the saturation of Pt sites, the NQagfe stops. A small amount of surface
nitrates exists and most of storage sites on thleia @re not utilized. That is, NO
coverage on the Pt inhibits the NO storage on c&h# can be verified by the NO-TPD
experiment. The moles of NO released is compartblihe twice of the moles of Pt
loaded and most of storage sites over ceria aresext. Oxygen is necessary to alleviate

this NO poisoning.
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When NO is fed with @ the formation and storage of surface nitrates ceea
increases as indicated in Figure 4-2 (b) and FiguBgb). This oxygen promotion of NO
storage can be done by two possible pathways. ifbepgathway is that more CgO
formation under excess oxygen increases the nixi@ation to nitrate. Philipp et at°®!
used DRIFT spectroscopy to investigate NO adsarpénd NO/Q co-adsorption on
ceria. They observed that NO adsorption was domihlay the nitrite formation and ceria
promoted nitrate formation by oxidizing nitrite gpEs under excess oxygen environment.
However, no nitrite formation or subsequent nitrdgidation was observed in our
DRIFTS experiments. The second pathway is thanhRamces the in-situ Ndormation
and the sequential nitration. To verify this cotjee, the oxygen pre-saturation is
applied to the catalyst before the NO storage.hla tondition, the N@formation is
limited by the stored oxygen. As shown in Figur@ 4d), , the nitration stops after 10
minutes and the intensity of nitrate peaks stayshanged due to the exhaust of stored
oxygen. Hence, the overall NO storage over Pt/asriemited by NQ formation, which
is a Pt-catalyzed route.

The adsorption spectra upon the exposure of P#/¢eril000 ppm N®in He at
50 °C for different times is shown in Figure 4-4. (Bhe rising peaks at 1400-1620 tm
after 4 min NQ adsorption were attributed to the surface nitrares the minor peaks at
1320 and 1800 cthreflected the strong NCadsorptiot®” 4. The nitrate band at 1240-
1270 and1400-1600 chincreased rapidly up to 30 minute. Some weaklygud
surface NQ was removed by the 30 min He purge as indicatethbydecrease of the

bands at 1320 and 1800 ¢niThe temporal spectra following the exposure éePita to
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1000 ppm NQ@and 5% (; at 50 °C is shown in Figure 4¢B). The nitrate bands at 12
and 1560 cm emerged initially. From 4 to 30 minute, the bant4320, 1420, 156(
1620 and 1800 cthkept growing. The surface nitrate species barengad after the 3
min He purge. Compared to Figi4-4 (a), the intensity of theitrate peaks decreasin
the presence of OIn sum, the NG storage proceeded by the surface nitration. The
utilization of storage sites over Pt/Ce leads karger amount of Ny stored than forming

the Pt nitrosyl.
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Figure 4-4Temporal IR spectrum upon the exposure of the Ra/e¢ 50 °C to (a) 100
ppm NG and (b) 1000 ppm N£and 5% Q.
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Figure 4-5shows the N-TPD and NQ+O,-TPD profiles. The peak assignme
were based on reports from other research grf!% %1% The first peak of Nt
desorption at 150C corresponded to the decomposition of monodentdtate. The
second peak of NOdesorption at 350C corresponded to the decomposition
monodentate nitrate to the bidentate nitrates. thivd peak of N( corresponded to the
decomposition of surface nitrates and , dissociation to NO and .. No NO release
was found below 3C °C. In the NG+O,-TPD spectrum, there were three similar ;
desorption peaks as those in the,-TPD, while the magnitude of all theshree peaks
decreased. At the same time, a new NO release waskound at 1t °C. Comparing

NO,- and NQ+O,-TPDs, oxygen decreased the amount of;dtred
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Figure 4-5EXxit concentration as a function of temperaturerdu¢a) NCG-TPD and (b)

NO,+0O,-TPD profiles.
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Although the NO storage is a Pt-catalyzed route,NI®, storage over the PtCe
catalyst is not. Significant amount of surface at#grwas formed when the pre-reduced
catalyst was exposed to MQwhile the formation of Pt-NO species was limitddhis
means that Pt is not needed for N&brage over ceria. No nitrite formation was obesdr
However, the oxygen addition to the p@ed diminished the NOstorage. This is
evident when comparing the intensity of variousaté peaks in the DRIFTS spectrums
in Figure 4-4 and the amount of N@eleased during the TPDs in Figure 4-5. More
nitrate formation and a higher N@elease are obtained using N&s the sole oxidant.
The degrading effect could be due to the competgiorage between N@nd Q. Some
storage sites over ceria are occupied by oxygeraaswmplete nitration cannot proceed.
The amount of NQreleased decreases from 75 umole (saturated vith td 53 pmole
(saturated with NexO,). A clear evidence is the initial NO release dgrifPD, as
shown in Figure 4-5 (b). This NO peak could comenfrthe reaction between the
released N@and the un-nitrated sites. The disproportionatbiNO, would lead to the
nitration of oxygen-occupied storage sites anddhmation of NO.

Hence, the NO and NGstorage over ceria may go through Pt-catalyzedrnamd
Pt-catalyzed pathways, respectively. Oxygen addittoimportant for the Pt-catalyzed
NO, formation, while harmful to the non Pt-catalyze@J\storage. All the adsorbed NO
is stored as surface nitrates, which decompose whentemperature is higher than
400 °C.

The observed NQstorage mechanisms over the Pt/Ce are similandset over

the Pt/Ba LNT catalyst. The Pt-catalyzed NO oxwmiatio NG is the key step for the NO
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storage. Kabin et df% reported that the NQrapping efficiency of a Pt/Ba LNT catalyst
depends on its reactivity for NO oxidation to N@@xygen has an important role to
enhance the NO storage. Bhatia et’8f! determined that the oxygen adsorption is the
rate-determining step for NO oxidation over a seoé Pt/Ba LNT catalysts. The NO
storage over Pt/Ba or Pt/Ce can proceed via aapgptionation or nitration pathway,
generating NO. Kabin et dt” observed the NOstorage over the Pt/Ba LNT catalysts
through the nitration routine using the TAP reactéence, the NQstorage over Pt/Ce

and Pt/Ba has the similar phenomenological modes.

4.3.2 NQ, Reduction Mechanisms over the PtCe Catalyst

Figure 4-6 (a) shows that only two, ldonsumption peaks exist in the-HPR
spectra for the NO pretreated catalyst. The fiestkpcorresponds to the reduction of the
surface species from Pt, likely Pt nitrosyl as aatked by the DRIFTS experiments. The
second peak corresponds to the reduction of susigeeies at the interface between ceria
and Pt. Two HO release peaks were observed along with theodsumption peaks and
the HO release peak at 350 °C corresponded to the iedudtsurface hydroxyl groups
from y-Al,05"® 1% An NH; release peak, following the.8 release peak, emerged at
the second Hconsumption peak. Compared to the case with oxpgetneatment (Figure
3-3), one hydrogen consumption peak at 150 °C wasing, indicating that fewer
storage sites were available. Meanwhile, the raticeduced oxygen to nitrogen was in
the range from 2.75 to 2.82, higher than the stombtric ratio of 2.625 (Ce(N§u-

>Ce0s). Excessive oxygen was stored during the NO seoeagl/or the oxygen storage
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could be crucial for NO storage. Figure 4-6 (b)wtohe H-TPR profile for the NO and
O, pretreated catalyst. Similar to-HIPR profile from the oxygen pre-adsorbed catalyst,
three H consumption peaks were found and thg ddnsumption intensified in the
temperature range between 75 and 200 °C. The ragppe of H consumption peak at
150 °C indicated that more N and O storage sites @wecessible when NO were fed with
O,. Higher HO and NH release was obtained from the NQH®etreated catalyst than
that from the NO pretreated catalyst. The ratioeofuced oxygen to nitrogen was in the
range of 2.49~2.59, implying a 2§Qo O reduction. As a result, the oxygen addition
increased the catalyst storage capacity with soredde N: O ratio. Figure 4-6 (c) shows
the H-TPR spectrum following N@pretreatment. The first peak of, Honsumption
peak corresponded to the reduction of Pt surfabe.NH; peak occurred after the,@
release peak. The second and third peaks pofcéhsumption corresponded to the
reduction of a variety of surface species on therfaces between Pt and ceria. An
interesting peak spilt was found in the seconccéhsumption peak. A similar peak spilt
was also observed in the®l release peak, while the Nifelease peak did not exhibit a
peak spilt. The amount of stored nitrogen and oryigeind after the N@pretreatment
were larger than those from the NO and NOstp@etreatment, in line with the fact that
NO, was the strongest oxidizer. The ratio of reducegyen to nitrogen was in the range
of 2.95 to 3.10, higher than that after NOQH®@etreatment. Figure 4-6 (d) shows the H
TPR spectrum for the N®O, pretreated catalyst. The profile was similar tguFe 4-6
(c), while another peak spilt appeared at the forfingt H, consumption peak (<100 °C).

The competitive storage between N&hd Q on the same storage sites may lead to the
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peak spilt. HO release appeared before the release of, NH agreement with
observation in Figure 4-6 (c). Less nitrogen angigex was stored on catalyst after
NO,+0O, pretreatment than that from N@retreatment. The decrease of storage sites
could be due to the competitive storage betweep &id Q.

As shown in the HTPRs, different storage sites exist on the PtCalyst
providing place for NQ storage. The reactivity of the storage sites dépemt only on
the amount and accessibility of the storage sites$,also on the oxidizing ability of
storage agents. The higher the oxidizing abilitg, tore storage sites are available. The
storage capacity of the PtCe catalyst increasds avit oxidant ranking of NO, £and
NO,. When NO is used the sole oxidant, the storagg loappens over the Pt and some
Pt-Ce surfaces as indicated by FPR in Figure 4-5 (a). When oxygen is fed to gatial
higher storage capacity can be obtained due tdterheilization of Pt-Ce interfaces than
the case with NO. Two Ftonsumption peaks exist in the temperature rapgeden 100
and 200 °C for the case with oxygen, while only élaeconsumption peak exists for the
case with NO. More storage sites are available viherPtCe catalyst is pretreated with
NO,. The intensity of two klconsumption peaks in the temperature range betd@en
and 200 °C becomes intensified. Hence, Pt surfa@ways available for NOstorage,
while the NQ storage over other sites, such as Pt-Ce interfanag depend on the

oxidizing ability of storage agents.
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The reduction of stored NQver Pt/ceria is a Pt-catalyzed pathway. Sinces Pt
the most active component in the catalyst, the §itep of NQ reduction is always the
purging of Pt surface. After the removal of adsdrispecies from the Pt, the oxygen
reduction over ceria is the next step for N@duction. This is evident from Figure 4-5.
The HO release peak always appears before the il¢ase peak. In the second H
consumption peak (150-200 °C), a similar splitia H, peak can be observed in theCH
profile without a reflection on the Nfrofile. Hence, the stored oxygen needs to be
removed before NQreduction over ceria. This excessive oxygen stomger Pt/ceria
requires a large amount of reductant and a suffisidong reduction duration to achieve
the NQ reduction. The reduction of the rest storedN®er Pt/Ce is complete below
200 °C, since there is no, peak observed above 200 °C. ThesN€duction over the
Pt/Ce and the Pt/Ba is similar. Nova et &Y reported that the Pt in vicinity of Ba
catalyzes the reduction of stored nitrates and tthes reduction can proceed at

temperatures below the thermal decomposition aédtdlQ..

4.3.3 Optimal NG, Storage and Reduction over Pt/Ceria

The above results indicate that the oxygen stocageacity of Pt/ceria is partially
beneficial to NO storage and detrimental to,N€@luction. The excessive oxygen storage
may also lead to high fuel penalty during the,N€luction. A series of experiments with
different NQ, mixtures were conducted to determine the optinmadddion for NG
storage and reduction. The amount of Nfrage under different temperatures is shown

in Figure 4-7 (a) and summarized in Table 4-2. ighest amount of NOstorage was
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achieved at 150 °C, when I, was the only feedAs the temperature increases,
amount of NQ stored was essentially thame when using NO+,, NO, and NQ+0O, as

oxidants. At 400 °C, the PtCe catalyst loits storage capacity regardlessthe oxidants.
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Figure 4-7 A comparison of N¢ storage with different oxidants at different tengiares;
(a) NQ storage; (b) ratio of of chemisorbed to physisdrbpecies; (c) the ratio 0,0-
N/H,0-O.
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Table 4-2NOy storage as a function of feed temperature.
Temperature (°C) 150 250 350 400
NO Total NQ Uptake {imole/g wc) 50 36.8 154 9.3
Physisorbed (mole/g wc) 20.8 29.2 12.3 9.3
Chemisorbedy(mole/g wc) 29.2 7.6 3.1 0
NO+QO, | Total NQ, Uptake (umole/g wc) 277.6 240.6 95.4 39.3
Physisorbedimole/g wc) 99.2 46.1 70.7 39.3
Chemisorbedymole/g wc) 178.4 194.5 24.7 0
NO, Total NQ, Uptake {tmole/g wc) 603.1 340.7 116.9 32.3
Physisorbedimole/g wc) 15 86.2 84.6 32.3
Chemisorbedi{mole/g wc) 588.1 228.4 32.3 0
NO,+0O, | Total NQ, Uptake imole/g wc) 406.1 248.5 119.9 27.6
Physisorbedy(mole/g wc) 38.4 40 90.8 27.7
Chemisorbedymole/g wc) 367.6 208.5 29.3 0

Figure 4-7 (b) shows the ratio of chemisorbed,M®er physisorbed NQO The
chemisorbed NQis defined as the strongly adsorbed,N{dd the physisorbed NQ@s
the weakly adsorbed NOwhich can be removed by an Ar purge. The higiorat
chemisorbed NQover physisorbed NOmeans a high thermal stability of stored ,NO
The NQ storage generates highly stable nitrates at 150wtile the NO+Q storage
leads to highly stable nitrates at 250 °C. No clsenfied species is available when the
temperature is above 400 °C, agreeing with the T&dDlts. Moreover, one can define
the fuel penalty over Pt/ceria by comparing theestdNQ, to the stored oxygen. A ratio
of HO-N/H,0-0O is defined as “kD from stored NQ H,O from oxygen”, based on the
reactions (1) to (4):

(1) 2Ce(NQ)s+24H, <& CeOs+6NHz+15H,0

H>,O-N=15/6*NH; formed in Reduction,

(2)  2Ce(NQ)s+15H, < Ce0s+3N+15H0
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H,0O-N=15/3*N, formed in Reduction,

(3)  Pt(NOR+5H, & Pt+2NH;+2H,0 ,

H>,O-N=NHjz formed in Reduction,

(4)  Pt(NOR+2H, &Pt+Ny+2H,0 ,

H,O-N=2*N, formed in Reduction,

and HO-O= Total HO formed in Reduction - #D-N.

The higher the ratio of “D-N/H,O-O”, the smaller is the fuel penalty. The
reaction (3) and (4) are only used in calculatimg E,O-N/H,O-O ratio of “500 ppm NO”
at 150 °C. Since according to Figure 4-2 (a) th&l®tdisappears above 200 °C, the Pt-
NO is assumed to be the dominant surface spectEs0atC with only NO. Figure 4-7 (c)
shows the fuel penalty associated with all the £aBlee lowest fuel penalty is obtained at
250 °C, when NO and Lare fed together. The oxygen addition to NO ldgadbe in-situ
NO, formation and the sequential nitrate formation mmzes the NQ storage. When
the temperature is above 250 °C, the fuel penaltyery high due to the small NO
storage. Hence, the optimal N&torage and reduction over Pt/ceria, in termdefrhal

stability and fuel penalty, is obtained at 250 ¥ihg NO and @as the oxidants.

4.5 Conclusions

The NQ, storage and reduction on the PtCe catalyst walsestloy DRIFTS, TPD

and HB-TPR. The main findings are:
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1. NO storage is a Pt-catalyzed process. Oxygen daanee the NO storage
via the in-situ NQ formation and sequential nitration. N&torage is not a Pt-catalyzed
process. Oxygen competes with NfOr the storage sites.

2. The PtCe storage capacity depends on the amouhe attorage sites and
the oxidizing ability of storage agents.

3. The reduction of Pt is the first step of the catlyegeneration and the
oxygen reduction occurs prior to N@duction over ceria.

4. Pt/ceria can serve as apNstorage catalyst in a temperature window
between 150°C and 350°C. The optimakNtorage and reduction is at 250 °C using NO
and Q.

The above findings provide a fundamental understgndf the role of ceria in
the LNT catalyst. The NQOstorage and reduction mechanisms over the Pt/€e ar
analogous to those over the Pt/Ba. This knowledge be used to conduct the

optimization of the LNT catalyst composition, swahthe metal zoning.
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Chapter 5 NOy Reduction Using Dual-Layer Monolithic

Catalysts

5.1 Introduction

The LNT-SCR dual-layer catalyst is a potential raléive to the sequential LNT-
SCR multi-brick catalyst for NQreduction. The dual-layer catalyst operation resgii
periodic shifts between fuel-lean and fuel-richdeeNQ and Q are stored on the LNT
layer during the fuel-lean phase, while Nidrms by the stored NQluring the fuel-rich
phase. NH is stored on the Brgnsted acid sites over the B@& during the fuel-rich
feed. During the fuel-lean feed, N@ partially reduced by the adsorbed \ith the SCR
layer. Therefore, the expensive urea feed systenS@R catalyst is replaced by MhH
produced on the LNT catalyst. The burden ofN€duction over the LNT catalyst is
weakened due to its consumption on the SCR layas. fEduces the required amount of
costly LNT catalyst. Hence, the LNT-SCR dual-layechnology has the potential to
reduce the PGM loading for N@eduction in the aftertreatment system.

In this study, the dual-layer monolithic catalystemprising a SCR layer
deposited on-top of a LNT layer was prepared arsd pérformance tested. We
investigated the impacts of the type of SCR catdllys-, Cu-), HO and CQ addition,
LNT ceria loading, and temperature on the cycleeyed NQ conversion and product
distribution. Finally, the effects of aging on tbatalyst performance are examined. The
findings are interpreted in terms of the individparformance features of the LNT and
SCR catalysts. This study provides insight and tstdeding of the dynamic

performance of a dual-layer LNT-SCR. This inforratis essential for any attempt to
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minimize the amount of required expensive PGM. Mueg, the results enable a

comparison of the performance of dual-layer archites with the sequential architecture.

5.2 Experimental

Lean-rich cycling experiments, consisting of petioghifts between the lean and
rich feeds, were carried out to evaluate the deN&formance of LNT and dual-layer
catalysts. Unless otherwise stated, a lean feedarcong 500 ppm NO and 5%,@ Ar,
was fed for 60 s. It was followed by a rich feedtaining 2.5% Hin Ar for 5 s. The
cycle average § NO feed ratio was 1.04 times higher than theckiometric ratio
needed for NRlformation by the overall reaction
16H+4NO+3Q > 4NH; +10 HO . (R1)

The total gas flow rate was 1000 sccm (GHSV= 60000 calculated based on
total monolith volume and standard temperature @edsure). It took approximately 10
minutes to reach a periodic state and at leasy&l@x were run at each temperature. The
final ten cycles were averaged to determine thdeegeeraged NO conversion and
product selectivity for a particular operating citioth. The feed temperature was
increased from 100 to 400 °C in steps of 50 °Ceatth temperature, the cycle-averaged
guantities were determined. The NO conversion \as#=utated by

_ Jo ¥ Fro (Dt

Xno =1 — . 1
NO Jo ' Fno (Ddt ( )
When large amount of NQvas present, the N@onversion was calculated by
Jo *[Fno (D+Fno, (D]dt Jo® Fro, (Ddt
Xno, =1 —2——— 2 = - 2
NOx Jo ' Fho(Ddt NO Jo ' FNo(Ddt (2)
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The NH; and NQ selectivity were calculated by

T
S = fo_s FNH3/N02(t)dt (3)
NH3/NOz ™ (Mgl dt—[ Fyo(tdt

and the N and NO selectivity were calculated by

T
Jo® 2 Fp /Ny 00 dt )

N = c .
N2/N20 ™ [TpL de— [ Fno (Dt

Herer, andts are the duration of the lean phase feed and arielarotal cycle (s)F}, is
the NO feed rate any, (t), Fyu, (t), Fno, (t), Fn,0(t), Fy,(t) the corresponding effluent
molar flow rates (mole/s). In some cycling expemtse 2.5 % HO and 2.0 % C@were
added to the carrier gas (Ar) flow.

A series of steady state experiments was condutcteevaluate the catalyst
properties. The total flow rate was 1000 sccm irthed experiments. The standard SCR
reaction was used to assess the activity of theS#/5 and Cu/ZSM-5 SCR catalysts,
both of which had the same loading of 0.9 Y/ifhe feed contained 500 ppm NO, 500
ppm NHs;, and 5% Qin Ar. During the NH and NQ storage experiments, 500 ppm of
NH3 or NG, was fed to the catalyst for 20 minutes. The tdiEk or NO, uptake was
calculated by subtracting the amount of effluentrfrthat fed. The physisorbed species
were swept by a 10-min Ar purge. After that, thenoigh temperature was increased by
a temperature ramp of 20 °C/min to 450 °C in Are Bmount of NH or NG, released
was referred to as chemisorbed species. The nitrbgance was closed by comparing
the sum of physisorbed and chemisorbed speciesthtiotal feed amount. The balance
closed within 5 %. Nkl oxidation was carried out with a feed gas contgrb00 ppm

NHsz and 5 % Qin Ar. to quantify the rate of this important sideaction. The reaction
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order of NH oxidation was determined from experiments in whitle NH
concentration varied from 200 to 1000 ppm. Thelttitav rate was decreased to 500
sccm and the ©concentration was fixed at 5 %. The Nebnversion was less than 15 %

at 150 °C. The apparent reaction rate was calcutate

FinXNH
TNHy = ﬁ , (%)

whereF;, is the feed rate of NH(mole/s), Xy, the NH conversion (%) andh, . the

washcoat mass (g).

5.3 Results and Discussion

5.3.1 Comparison of Effluents from LNT and Dual-layer Catalysts

Figure 5-1 (a) shows typical temporal effluent camteation from the Pt/Rh/Bg/
Al;0O3 LNT catalyst (LNT1) during a 60 s lean and 5 sireycle at a feed temperature of
250 °C. The insert Figure 5-1 (b) describes theuefit during the 5 s rich regeneration
and subsequent five seconds of lean feed. The t@aptiluent is characteristic of a
LNT regeneration using Has the reductant. A NO release peak (“NO spike"ND
puff’) appeared at the beginning of the rich feMeéarly coincident with the NO spike
was NO evolution. N and NH appeared consecutively with some overlap. For this
operating condition, the maximum, dnd NH effluent concentrations were 3550 ppm
and 2610 ppm, respectively. By integrating the @raader the effluent graphs, the
computed NH yield (6.1umole) was comparable to that of KV.8 umole). The rather
large amount of generated WHbointed out the potential for a dual-layer catalys

application. That is, by adding a top-layer of S€&alyst, the slipping Nfcould be
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capturedand converted selectively N, by the standard SCR reaction betweers, NO
and Q. The decrease of the I3 slip increased the NO conversion. A second paN;
and NO peakdormed during the lean feed. These were followed Imgarly 3 s period
in which no species containing N were measuredcatithg tha NO oxidation and N
storage werdghe mainprocesss that occurred during the remainof the lean feed.
About 35 s after the shift to a lean f, some NOemerged. Its concentration gradus
increased during the remainder of the lean due tothe expectesaturation of the NO

storage sites.

4000 ; 400
R. L T=250°C (a)
i N 4000 - , - 400
1 1
L 2 0
3000 1]\t ! (b) 1 300
1 3000 1 ! 1300
1 —— 1 E —
: 1 £ |
E : |EN H3 Y : i g g.
g 'li/ 2000 1 b 200 z
2000 &1 = R zoog
o8 ‘: , 1000 1: - 100 0,
o~ ’ )
< 1y =
1000 4 1 + 100
i_ 0
i 10
I
4 .
0 0
0 20 40 60
Time (s)

Figure 5-1(a) Effluent from the Pt/Rh/Ba LNT1 catalyst ovepexiod of (-65 s; (b)
Insert shows effluent over 0-10 s.
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The species evolution from the LNT1 catalyst agredéth reports by other
investigators. The occurrence of the N€pike at the beginning of the rich feed is an
important feature of LNT regenerati&t 3 378 Jj et al.®Y attributed its formation to
the rate of NQ reduction being slower than that of nitrate decositpn. The sequential
appearance of XD, N,, and NR is also a common feature. At the beginning of the
regeneration the conditions are more favorableNgD production; i.e., a high local
NO/H ratio. As the regeneration proceeds, deepauateon (decreasing NO/H ratio)
favors NH formation. The NH produced upstream travels downstream and reatits wi
stored NQ, producing N, as reported among others by Mulla ef*3}, Lietti et al.*® 4*

47 and Clayton et al?Y. The small N and NO peaks at the beginning of the lean feed
are attributed to the oxidation of NHClayton et al'®! "*speculated that the oxidation of
accumulated N species from the previous rich feed could be nesipte for N
formation during the subsequent lean feed.

Figure 5-2 compares the performance of the P/RAMMB@s; LNT1 catalyst
(Figure 5-2 (a)) to the dual layer CuZ/LNT1 (Figs€ (b)) and FeZ/LNT1 catalysts
(Figure 5-2 (c)). Each plot compares the cycle-aged NO conversion and product
selectivities as a function of feed temperaturevbet 100 to 400 °C. The black line and
points describe the NO conversion and the shadedécbbars the product selectivities.
For each catalyst the NO conversion andélectivity increased monotonically with feed
temperature, while theJ® selectivity decreased (except for the FeZ/LNTét firoduced

a slight maximum). Using the LNT1 catalyst, the maxm NH; selectivity was about
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40 % at 150 °C. Aarge amount of N3 was produced in themperature rancof 150 to

300 °C.These trends are consistent with previously represults*®.
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Figure 5-2 Time averaged performance of (a) LNT1 catalystQbY-LNT1 multilayer
catalyst; (c) Fe4-NT1 multilayer catalyst. The black curves with aggipoints are th
NO conversion and the color bars are the produetseéties. The same is used forn
for NO conversion and product selectivities in other samiigures
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It is important to select a suitable SCR catalgsttfie dual-layer application. The
SCR layer is exposed to a range of N\ttid NO/NQ concentrations along the monolith
channels due to reactions in the underlying LNTetayThe dependence of the NO
conversion and Nglselectivity on the temperature is evidence fos flaict (Figure 5-2
(a)). The ability of the zeolitic SCR catalyst wsarb NH is essential for additional NO
reduction. The SCR layer activity should be highd aminimally inhibited by the
adsorbed Nkl For this reason, we tested the performance oftwad-layer catalysts, one
containing Fe-exchanged ZSM-5 and the other Cu@tecbon top of the same LNT base
layer. Both zeolitic layers had the same loading were exposed to the same cyclic
feed; i.e., 60 s lean, 5 s rich. Figure 5-2 (b)vs&hthe feed temperature dependence of the
NO conversion and product selectivity of the CuZilINdual-layer catalyst. Similar to
the LNT1 layer alone (Figure 5-1 (a)), the NO casi@n and N selectivity increase
monotonically with feed temperature. On the othend) the NH produced by the LNT
was completely converted. An additional effect loé tCu-zeolite layer is a moderate
increase in BO for feed temperatures lower than 250 °C. Figu&(6) shows the NO
conversion and product selectivity of the FeZ/LN@lal-layer catalyst. The NO
conversion and Nselectivity for both the LNT1 and CuZ/LNT1 increadswith the feed
temperature, while the J@ selectivity generally decreased. However, the/H§Z1
catalyst had some NHSslip, higher NO selectivity, and a somewhat lower NO
conversion and Nselectivity over the LNT1 and CuZ/LNT1 the entieenperature range.

In order to examine differences between the two SteRlite catalysts, we

compared their respective NHtorage and SCR activities. Figure 5-3 compares th
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temperature dependencies., 20-minute NH storage capacitgndNO conversion for a
standard SCR feed (containing NO,, and NH) for both Cu/ZSN\-5 and Fe/ZSM-5.
The NH; storage capacity arNO conversion of the FeZ catalysere lower than that ¢
the CuZ catalyst over the en temperature range. The CuZ catalyst adsorbed mid;
and itsSCR activity was higher. Hence, the Cu/ZSM5 waduse the SCR catalyst
our study.
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Figure 5-3(a) NO conversion and (b) N storage capacity on Féblack) and Cu-ZSM-
5 (red) samples. Both monoliths have the same washeading as 0.9 g~.
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The rather high ,O selectivity from the two dud&yer catalysts for temperatur
below 250 °C suggests that tN,O dissociation andeaction with stored N3 over the
SCRecatalyst is negligible. This idue to the limited catalystavity at low temperature:

Groothaert et al**?

reported the ,O dissociation to Plover a Fe/ZSI-5 commences
above 400 °C and the presence of oxyinhibits N,O dissociationN,O dissociation
over Cu/ZSM5 only startsabove 400 °C. Zhang et & investigated the reduction
N-O by NH; and Q over a F-MOR zeolitecatalyst. The reaction occurs at temperat
exceeding 350 °C. Hence, theO produced from dudhyer catalst is not likely to

dissociate or react with the stored 3 over SCR catalysts. The source of th,O is

discussed later.
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Figure 5-4 Comparison of |, and NH Effluent from LNT1 & CuzLNT1.
117



Figure 5-4 compares the transient &hd NH concentrations formed by the
LNT1 and dual-layer CuZ/LNT1 catalysts under themsaoperating conditions. It
illustrates the advantages of the dual-layer catatpncept. The behavior of the LNT1
catalyst at 306C was similar to that at lower temperature (e.§Q &, Figure 5-1). At
300°C a NH;peak of 1550 ppm was immediately followed a largepdbk of 3600 ppm.
A second smaller Npeak of 370 ppm appeared at the beginning ofedhe phase. The
most notable impact of coating the LNT1 catalysthwa layer of Cu/ZSM5 was the
elimination of the NH slip. In addition, the Nemission was more uniformly distributed
over the rich and lean phases of the cycle. Fomei@ during the rich phase, the N
peak was 1200 ppm using the CuZ/LNT1 catalyst, @eg to 3600 ppm using the
LNT1 catalyst. At the beginning of the lean phake, CuZ/LNT1 catalyst has aldeak
of 1100 ppm, appearing of comparable magnitudeénad during the rich stage. It was
followed by a much lower, continuous, Kbormation during the remainder of the lean
phase. In comparison, the LNT1 catalyst generatetueh smaller Bl peak (350 ppm)
during the lean feed. The SCR top-layer clearly ifiredl the temporal effluent
concentrations. The top SCR layer captured; l§eherated during the rich phase by the
LNT layer. Since the rich gas did not not contai® NHr G, no N, could be produced
from the SCR catalyst. The stored Nieacted with NO and Ofed during the
subsequent lean phase. Thepdak at the beginning of the lean feed was amatidin of
NH3 oxidation. NH generated by the LNT1 catalyst during the riclp stas trapped on
the CuZ catalyst and then reacted with NO apdl@ing the lean phase. The maximum

concentration of Mthat could be produced at steady-state by thalatdnSCR reaction
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(1) was 500 ppm, as the stoichiometry constraimd®O/NH; = 1. Thus, the NH
oxidation accounted for the additional i the lean N peak, which was larger than 1000
ppm. During the remainder of the lean phase, tha&imaous N production was an
evidence of the SCR reactions (1-3). The sustagwedution of N from the dual-layer
catalyst at a rather low concentration (150-160 Jpwas likely a result of slow ammonia
desorption and diffusion from the zeolite layer.

The NH; formation and consumption in the dual-layer catslyclearly differ
from those in the LNT catalyst. NHs an important intermediate during the regenenati
of stored NQ in LNT catalysts, as reported by Mulla et &f!, Lietti et al.!®® * and
Clayton et al*®. Its conversion to Noccurs by reaction with the downstream stored
NO,. The reaction rate depends on several factorfydimg the temperature, and the
presence of i} among other factors. In contract, Ngenerated in the LNT layer of the
dual-layer catalyst diffuses into the adjacent itedhyer where it can be adsorbed on the
Cu and Brgnsted acid sites. SCR reactions betweeNIts and NO/NGQ/O, produce N
as the main product and,® as a byproduct. During the rich phase, the; ldéisorption
leads to its disappearance as well as to a decoédse N peak. During the lean phase,
the stored NKlis consumed by the SCR and Nbekidation reactions. Undesired NH
oxidation increases the;eak during the lean feed. This observation agnethsresults

reported by Nakatsuji et af2.
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Figure 5-5(a) Comparison of NO conversion between LNT1 aral-layer catalyst; (b)
Comparison of BO effluent from LNTand duallayer catalyst; (c) N3 oxidation to NQ
on LNT1 (the empty symbol denotes the result frotsteiady state experimel
The NQ conversion achieved by the d-layer catalyst can be lower than t
achieved by the LNT catalyst alone, as shown iufeédg-5 (a). This is n unexpected
finding and does not agree with previously publishresults using other LNT/SC
configurations®>®%, This counterintuitive trend results from interaction betweethe

two layers, and the reasons for the lower conversi@ different for the low and hig

temperatures.
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Figure 5-3 (a) shows that at temperatures below’25the Cu/ZSM5 steady-state
activity for standard SCR reaction is rather lovewéver, the zeolite still can store BIH
produced in the LNT layer. In addition to the dedirconventional SCR reactions
occurring on the SCR catalyst, which generatethke stored Ngimay be consumed by

the following competing reactions (R2-R6):

2NH; + 2NQ, > N, + NH;NO; + H0 (R2)
NHsNO; > N,O+ 2 H0, (R3)
NHz+ Pt-> NHs-Pt (R4)
O, + 2Pt> 2 O-Pt, and (R5)
NHs-Pt + 2 O-Pt> 0.5 NO + 1.5 HO + 3 Pt. (R6)

Figure 5-5 (b) compares the,®™ effluent concentration for both the LNT1 and
dual-layer CuZ/LNT1 catalysts at 150 °C. The dagler catalyst generates moregQN
than the LNT catalyst during the lean phase. Th® Ray be formed by either one or
both of two possible pathways. Reactions R2 andcB®prise the formation and
decomposition of NENOs; However, this pathway is not likely to occur to an
appreciable extent because (i) it requires formatibNG,, and NO oxidation is rather
slow at 150 °C on these catalydtd, and (ii) NH;NO; decomposition is slow below 250
°c 2 The second more viable route represented by dRps- R6 involves the
adsorption and oxidation of NHn the Pt crystallites of the LNT catalyst. Theration
of N,O during Pt-catalyzed NHoxidation is well established™* *! Figure 5-5 (c)
reports the NHK conversion and NO(NO + NG) and NO selectivities during NH

oxidation over the same LNT1 catalyst. The d\ddnversion is over 80% at 200 °C and
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the NO selectivity is about 25%. The I3 conversion and the X selectivity increase |
100% and 75%, respectively, by 250 °C. Figu-6 reports the measured reactiotes
for NH3 oxidation over the three LNT catalysts at 150 °The positive dependence
the reaction rate on Ny concentration suggests that NHapped in the SCR lay:
diffuses to the underlying LNT layer where it isaddy oxidized. This promotes N

oxidation to NO at low temperature
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Figure 5-6 (a) The apparent reaction order of 3 oxidation over three LNT catalys:
The feed contains 500 ppm Iz and 5% Qat 150 °C. Part (b) is the logarithm plot
part (a). For LNT1, y = 0.46C- 2.449, R2=0.9957; For LNT2, y=0.6C-3.2178, R2 =
0.9922;For LNT3, y = 0.684x 3.5823, R2=0.993
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At temperatures exceeding 250 °C, NO conversiotthbydual-layer catalyst is
still slightly lower than that by the LNT catalysit these temperatures, complete NH
conversion is obtained with increasing N€®lectivity (Figure 5-5 (c)). The increase in
the NQ selectivity with temperature is a result of th@semption of NH. The NH; that
is trapped likely intensifies the NHbxidation to NQ on the Pt, resulting in a lower NO
conversion.

In order to assess the importance of segregatedN®R and SCR functions (as
separate layers), experiments were conducted ihwvhi mixture of LNT and SCR
catalysts was deposited on the monolith and itfopeance tested. The LNT catalyst
powder was obtained by scraping the washcoat ofEt il monolith. Figure 5-7 (a)
describes the NO conversion and product selectatityarious temperatures. Surprisingly,
the NO conversion for the mixed washcoat catalyst {@wer than that of both the LNT
and dual-layer catalyst. The selectivities of &hd NO decreased with increasing
temperature, while the Nand NH selectivities increased significantly. Figure %bj
shows the effluent N NO, and NH during a rich-lean cycle at 300 °C. A large amount
of N> and NQ was produced during the lean phase and Kkase while some N
formed during the rich phase. The poor performarfcthe mixed washcoat catalyst is
attributed to NH oxidation by Q. The results cannot be explained by the formadion
ammonia nitrate (or nitrite) at low temperaturédghese reactions occurred, much more
N2O than NQ would have been observed; see reaction R2 abdwat. NG is the main
product for T > 250 °C is a strong evidence fohdgt; and NO oxidation. The working

concept of the segregated dual layer catalystas i stored in the SCR layer reacts
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with NOy that diffuses from the underlying LNT layer or rimathe bulk gas during the
subsequent storage step. Thus, unreactedidNé@ble to react with NgHn the presence of
excess @ i.e., standard SCR reaction. In contrast, onntireed washcoat catalyst NH
that is produced during the rich feed reacts letscively with Q on the highly active
PGM sites during the storage step. Apparently, rtibeed washcoat catalyst does not
effectively utilize NH for stored NQ regeneration and Nformation. While NQ
reduction to N, N,O, and NH occurs during the rich phase, the Nkl consumed by ©
before it can be trapped and react with NO apdT@e poor utilization of Nkldecreases
the overall NQ conversion. This oxidation rate increases at héghperatures for both
reactions, although the reverse reaction of NO atiod becomes important above 350
°C. This explanation agrees with the observation M@, selectivity increases at high
feed temperatures. Other research8tseported that LNT-SCR mixture powder catalyst
had a better deN(performance than LNT catalyst alone. The caus¢hidisagreement
with the previous studies remains unknown. In aesiohn, the mixed catalyst was not

studied any further due to its inferior performatzéhat of the dual-layer catalyst.
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Figure 5-7(a) Performance of LN1-CuZ mixed washcoat catalyst; (b) average, NHz
and NG effluents during a learieh cycle at 300 °(

5.3.2 Impact of HO and CGC;
A gas mixture containing 2.5 %,0 and/or 2.0 % C@®was used to evaluate t

catalyst performance in the presence of these cstoinuproducts. Figure5-8 (a-c)
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show the NO conversion and product selectivitytéonperatures from 200 to 400 °C of
LNT1 using a feed to which contains eithesCHor both CQ and HO, and Cu-zeolite
coated LNT1 using a feed containing bothOHand CQ. Experiments with feed
temperatures below 200 °C were not conducted tadagomplications by water
adsorption and condensation.

Figure 5-8 (a) describes the dependence ofy, MOnversion and product
selectivity on the temperature for a feed contgnth5% HO. The NQ conversion
increased with temperature up to 350 °C and thenslgghtly decreased at 400 °C. The
N2 selectivity increased with temperature, while INN,O and NQ selectivity decreased.
Compared to Figure 5-2 (a), the NO conversion deae by only 2-3% upon the,®
addition. The NH and NO selectivity increased by 2-8% at the expense 2f18%
decrease in the Nselectivity. Hence, kO addition had a small but adverse influence on
NOy conversion, and changed the product selectivigotoe extent.

The dependence of NOconversion and product selectivity on the feed
temperature for a feed containing of 2.5 ¥Hand 2.0 % C®is shown in Figure 5-8 (b).
Adding CQ led to a much larger decrease in the NO converthham HO alone,
especially at low temperatures; e.g., 45 % decreas200 °C compared to the case
without CQ. The N selectivity increased with the increasing temperatvhile the NH
and NQ decreased. JD appeared only at 200 °C.

The formation of BaC®in the presence of GQlegrades the performance of the
LNT catalyst. Some NQOstorage sites are occupied by Gd thus higher NO and NO

slippage occurs during the lean feed. ThexMNIO ratio during a lean-rich cycle at 250
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C is shown in Figure 5-9 (a). The formed BaQt@s a higher thermal stability than that
of barium nitrates®® 3% 44 and this higher stability adversely affects thedoict
selectivity. As reported by Lindholm et &%, BaCQ inhibits the N formation through
reactions between nitrates and NHhis results in a lower Nselectivity and a higher
NHs selectivity. Another reason for the higher Nbklectivity is the accumulation of
BaCQ; around the PGM crystallites. Under this condititre in-situ H: NO ratio is
higher which favors NEl formation. The deeper regeneration also avoids Nb@
formation.

The dual-layer catalyst performance for a feed aoirig CQ and HO is better
than that for the LNT alone, as shown in Figure &B The NO conversion and,;N
selectivity increased with temperature up to 35@&A@ then decreased slightly at 400 °C.
The NO selectivity decreased with temperature. A minNtd; release was observed
above 350 °C. Figure 5-9 (b) and (c) compare thg ddDversion and Nselectivity of
the CuZ-LNT1 dual-layer catalyst and the LNT1 cgdal Considering the large amount
of NO, generated (Figure 5-9 (a)), the N@ather than NO) conversion is reported here.
The dual-layer catalyst had a higher Ns@nversion below 300 °C, and it was essentially
equivalent to that of the LNT1 catalyst above 300Phe dual-layer catalyst had a higher

N, selectivity than LNT1 catalyst over the entire parature range.
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Figure 5-9(a) Average NG/NO ratio during a leanich cycle over LNT1 catalyst at 2!
°C; (b) Comparison of Ny conversion of LNT1 and CuENT1 catalysts; (c
Comparison of |, selectivity of LNT1 and CuZ-NT1 catalysts
Different NO, reduction mechanisms account for the differencesvd®En the
LNT and duallayer catalystsOn the LNT catalyst, gaseous N@®eeds to be stored as

nitrates and/or nitrites before reducticin contrast,for the due-layer catalyst, the

gaseous NQcan be reduced by trapped 3 in the SCR layer in addition to being stol
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on the LNT layer. Hence, the dependence on the $tGrage activity of the LNT is
weaker. In the presence of g@nd HO, the LNT1 layer serves as an Nbenerator
during the rich feed (Figure 5-8 (b)) and an N¥oducer during the lean feed (Figure 5-
9 (a)). The SCR catalyst captures thezNitbduced during the rich feed and uses it to
carry out the SCR reactions during the lean feea IMQ,/NO ratio of 0.6~0.8, which is
in the range for fast SCR reactibit*. Complete utilization of N@and NH leads to a
higher N selectivity from 200 °C to 400 °C and a highery,NMOnversion than that of an
LNT catalyst below 300 °C. However, the rate of ;Nbkidation by Q to NO is
intensified above 300 °C and thus the dual-layaalgst has about the same NO

conversion as the LNT catalyst at high temperatures

5.3.3 Impact of Ceria on LNT and LNT/SCR Catalysts

Two LNT catalysts with different ceria loadingsbf wt % (LNT2) and 34 wt %
(LNT3), were prepared. The temperature dependehtieedNO conversion and product
selectivity of the LNT2 and LNT3 and the Cu-zeoltgated LNT2 and LNT3 catalysts
are shown in Figures 5-10 (a-d).

The performance of both the ceria-containing LNT@ &NT3 catalysts is similar
to that of the barium-only LNT1 catalyst over tleenperature range, for which, NN,O,
NHs, NO, are obtained. According to Figure 5-10 (a) and {fcg@ cycle-averaged NO
conversion and Nselectivity increased as the temperature increagbde the NO
selectivity decreased. The maximum cycle-averagdd $¢lectivity of about 75 % was

achieved at 150 °C. At the same temperature, thedi®ersion of the ceria-containing
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LNT catalysts washigherthan the ceria-free LNT1 sampl&he primary product we

NH3 below 250 °Cand M, above 250 °C.
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The addition of ceria affects some subtle featwkshe NO conversion and
product distribution. First, the cycle-averaged bléhversion and Nklyield (product of
NO conversion and NHselectivity) are higher below 250 °C. This is daean increase
in the NQ storage capacity as the ceria provides new sta#ge in addition to those
already existing on the BaO. This is proven inuFgg5-11 (a), which compares the NO
storage of the LNT1, LNT2, and LNT3 catalysts. Timsrease in NQstorage increases
the amount of NQavailable for reduction and increases the NO crmiwe and the NE
yield. Since ceria-based nitrates have lower stgltilan barium-based nitrates, an easier
reduction can be achieved at low temperattiteA second feature is an increase in the
N, selectivity and decrease in the Nideld above 250 °C. At these high temperatures,
ceria increases the NHbxidation rate due to its oxygen storage capamity oxidation

(1109 Moreover, NH oxidation has a high selectivity towards .

activity
The increased NO conversion at low temperaturesdoya addition provides a
way to reduce the requisite PGM loading. As shawRigures 5-2 (a), 5-10 (a) and 5-10
(c), the NO conversion obtained at low-temperatisasnuch lower than the conversion
obtained at high temperatures. Thus, the low teatper performance dictates the
amount of PGM needed to achieve a prescribed leflv&lO, conversion. That is, the
largest amount of PGM necessary to achieve a desW® conversion over the
anticipated range of typical operating temperatures 150 to 400 °C, is dictated by the
lowest temperature. The surplus PGM over that reeatléhe high temperatures is needed

to achieve the same specified conversion at thedowemperature. Ceria significantly

increases the low-temperature N@onversion. Thus, the PGM loading in a ceria-
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containing LNT can be reduced without comprisingNOnversion at low temperatures.
This decreases the excess PGM at high temperatures.

A Cu/ZSM5 layer was coated on the top of the ceaataining LNT2 and LNT3
catalysts. Figures 5-10 (b) and 5-10 (d) show tkikeddnversion and product selectivity
for the dual-layer CuzZ/LNT2 and CuZ/LNT3 catalystespectively. NO conversion
increased with temperature up to 300 °C and thightsi decreased. Nselectivity
increased with temperature, while,M selectivity and Nkl slip decreased with
temperature. Some NQvas observed above 350 °C. The trends of NO csioveand
product selectivity are comparable to those of @hezeolite coated LNT1 shown in
Figure 5-2 (b). The NO conversions from the threaldayer catalysts are summarized in
Figure 5-11 (b). Clearly, the ceria containing diagker catalysts lead to higher NO
conversion, especially at low temperatures duehtihcreased NQstorage and the

lower stored nitrate stability.
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Figure 5-11(a) NQ, storage capacity of LNT1, LNT2 and LNT3; (b) NO gersions of
three dual layer catalysts; (c) the averay effluents in CuZ coated LNT1, LNT2 ai

LNT3 catalysts at 150 °C during a l«rich cycle

The addition bceria impacts among others thy, selectivity and Nl; slip which

exceed the values obtained by the ba-only dualfayer catalyst at low temperatur:

134



The regeneration of stored N@ the presence of ceria increases thes®lectivity and
decreases the ® selectivity. The enhanced Nbrmation by the ceria-containing dual-
layer catalysts is the opposite of that when usirsgries of monolith brick&”. That is,
for high loading of OSC (oxygen storage componéitt); oxidation is enhanced and
thus the NH yield decreases. However, the situation at lowpenature is due to the
enhancement by ceria of the low-temperature redliotf stored NQ As shown in
Figure 5-11 (c), the hydrogen conversion increagi#is the ceria loading in dual-layer
catalysts. At 156C, CuZ-LNT1 leads to an 8% hydrogen conversion,CNA2 to 23%
and CuZ-LNT3 to 49%. The addition of ceria to LN&talysts increases the,H
conversion due to two effects. First, the ceriagases the NOand oxygen storage on
the catalyst. The barium-only LNT1 has a lower c#tyafor NO; and oxygen storage
than LNT2 and LNT3. Second, the low-temperature P&dlvity is enhanced by the
ceria addition ™. That is, ceria-containing LNT catalysts have ahhkt, low-
temperature regeneration activity than the bariunty-gatalyst. Better utilization of the
feed H generates more NHluring the regeneration and more storage sites #ie
regeneration. In addition, the generateds;N$i captured by the SCR layer instead of
being consumed by the ceria in the LNT layer doveash. The Cu zeolite top layer does
not have the capacity to store all the large amofilNH; produced. On the other hand,
the addition of ceria increases the rate ofsNiidation. As shown by Figure 5-6, the
apparent reaction order of Nlaxidation increases from 0.46 to 0.68 with an éase of
ceria loading in the LNT catalyst. The intensifi@ddation consumes more trapped NH

in the dual-layer catalysts. Thus, lessN#lavailable for the SCR reactions. Figure 5-12
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shows the W effluent from the three dual-layer catalysts 300 °C. The amount of,
formed was similar for the three d-layer catalysts with 9.6, 10.2 and l(umole for
CuZ-LNT1, CuZLNT2 and Cu-LNT3, respectively. Thecerie-containing dual-layer
catalysts generatdugher N\, pe&ks than the one that does not contain ceria duroth
the lean and rich feedshe amount of Blgeneragd continuously after the firs-5 s of
the switch to the leafeeddecreasewith the increase of ceria loading. This indicatest
ceria addition increases the rateNH; oxidation which decreases the rate of the des

SCR reactions.

2500
—= LNT1+CuZ
2000
——LNT2+CuZ
£
o
5 ~+-LNT3+CuZ
= 1500
L
<
=
QO
2 1000
[
&
=
500

45 65
Time (s)

Figure 5-12Comparison of |, effluent from three dual layer catalysts. CuZ/LN$1he
orange line; CuZ/LNT2 is the red line; CuZ/LNT3tle black line
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5.3.4 Dual-layer Catalyst Durability

Hydrothermal aging deactivates LNT catalysts duanoincrease in the PGM
particle size (sintering), resulting in a reductionthe interface between the PGM and
barium storage phasé* '*® |n the absence of ceria, aging of LNT catalystydases
the selective production of ammonia and decredses\erall storage and reduction. On
the other hand, the SCR catalyst is deactivated hipgrothermal aging due to
dealumination and the decreased oxidation actigitythe Cu zeolitel*****8 This
decreases in the ammonia storage capacity andasesethe N slip, assuming the
supply of ammonia from the LNT is fixed. The impagft ceria loading on the NH
selectivity is undoubtedly affected by the decreafsthe ceria surface area and the,NO
storage capacity during the agir{fﬁ' 119 n summary, the effect of aging on the
LNT/SCR catalyst performance is complicated by e¥esal competing trends. The
decreased NO conversion upon hydrothermal agingeotlual-layer catalysts is due to
the deactivation of both the LNT and SCR catalysts.

Hydrothermal aging and SEM-EDS experiments weredaoted to understand
the durability and quantify the effect of aging thve dual-layer catalyst. Figure 5-13 (a)-
(c) describes NO conversion and product selectivitthe three aged dual-layer catalysts
for different feed temperatures. For all three LMatalysts, NO conversion and, N
selectivity increased with temperature. Nslip from the barium-only LNT1 increased
with temperature, while the opposite trend was okegkin the ceria-containing LNT2

and LNT3 catalysts. XD was mainly produced from 100 to 250 °C for alethcatalysts.
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Figure 514 (a) compares the NO conversion of fresh catlfstlid line) with
that of aged ones (dashed lin The NO conversions of the aged c-layer catalysts are

lower than those of the fresh ones for all feedperatures. The difference in N
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conversion between the fresh and aged catalysteas upon an increase of the ceria
loading in the LNT layer. The deactivation is lasgéor barium-only dual-layer catalyst.
The NO conversion decreased by 12.6% at 150 °@h&Cu-zeolite coated LNT1 dual-
layer catalyst. These results suggest that thalistadf the barium-containing dual-layer
catalyst may be enhanced by the addition of ceria.

Figure 5-14 (b) shows that the effect of aging ba ammonia selectivity are
rather complex. In the absence of ceria, the amanselectivity increases dramatically
with aging, especially at high temperatures. The te&ria-containing catalysts response
is similar to those of the ceria-free catalyst, bat as dramatic. That is, the ammonia
selectivity at high temperature of the aged catal/figher than that of a fresh catalyst.
For the catalyst with the highest loading of ceaiging decreases the ammonia selectivity
for temperatures below 30C. This could be a result of a decrease in theacmriface
area and a corresponding decrease in thgdt@age. Additional experiments are needed
to elucidate these trends.

The impact of the hydrothermal aging on the prafil¢the Ce, Ba and Pt elements
in the washcoat was studied. Figure 5-15 (a)-(oywshthe normalized Pt concentration
profiles versus the dimensionless position. A disi@mess coordinate was used to
enable a direct comparison among the three dual-legtalysts, which have somewhat
different washcoat thicknesses. As the thicknegsb@LNT layer is about 1.5 that of the
SCR, we refer to the total washcoat thickness @s@d the interface between the LNT
and SCR as 1.2. In Figure 5-15 (a), the Pt conagoirin the LNT layer decreased after

aging. The PGM migration may lower NO conversiom do intensified NH oxidation
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and the separation between PGM and barium. On tiwer dvand, in theceria-added
catalysts the change in Pt concentrations befaleafinr hydrothermal ageing were mt
less pronounced (Figure«-15 (b) and (c)). The barium profiles before aneratiging
were similar to those of the Pt. In the absenceeof, the bariui concentration in LNT
and SCR layers became more uniform after agingt Tidicates that some bariu
migrated from the LNT layer to the SCR layer. Candigated barium migration fror
the LNT to the SCR in the dw-layer catalyst. The experiments revithat the ceria

addition improves the structural stability of theal-layer catalyst:
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5.4 Conclusions

The behavior of SCR-top LNT dual-layer catalystswéudied during lean-rich
cycles in a temperature range from 100 °C to 400 Y8e main behavioral features of
dual layers catalysts for combined NSR and SCR are:

. Dual-layer catalyst capture NHjenerated from LNT layer and use it for
SCR reactions. As a result, the $¢lectivity can be increased.

. NH3; oxidation to NQ lowers the NO conversion of dual-layer catalyst.
This is especially problematic at high temperatures

. In the presence of GOand HO, dual-layer catalyst utilizes well the
formed NQ and NH for SCR reactions. Hence, the dual-layer catdigsta higher NO
conversion from 200 to 300 °C and a highersHlectivity than LNT catalyst during the
whole temperature range.

. The addition of ceria leads to a high N®&orage capacity and more
efficient regeneration at low temperatures. The PIGAdiing in the ceria containing LNT
catalyst can be lower than in the barium-only oiide NH; formation at low
temperatures increases with a ceria loading inerddewever, ceria enhances the ;NH
oxidation at high temperatures.

. The ceria-contained dual-layer catalysts have hdnigesistance towards
hydrothermal aging than the barium-only one. PGH darium migration is mitigated by
the presence of ceria.

These findings show that the dual-layer catalyst re@luce NQ emission below

300 °C, especially in the presence of,&0d HO. Ceria loading is an important catalyst
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design option for the low-temperature performanod aatalyst durability. The NH
formation is enhanced by ceria at low temperaturas. NQ reduction depends more on
the SCR catalyst than that of the ceria-free dangl catalyst. As a result, the PGM

loading can be reduced.
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Chapter 6 Lean NO; Reduction on LNT/SCR Dual-Layer

Catalyst By H, And CO

6.1 Introduction

In Chapter 5, the performance of a LNT/SCR duattagatalyst was studied
using H as the sole reductant. This chapter reports among study of that in Chapter
5. In the dual-layer catalyst, NHs the key chemical link between the LNT and SCR
catalysts. Ammonia is the reductant needed for SRt is important to use reductants
that promote Nkl generation by the LNT catalyst. The use ofds$ the reductant has
been extensively studied. However, typical vehethaust during the fuel-rich operation
contains a complex mixture of CO,lnd hydrocarbons. The CO concentration may
exceed the KHconcentration during the catalyst regeneratiom. diesel vehicles the H
concentration is low while the hydrocarbon fractisinigh and may contain a wide range
of hydrocarbons from low molecular weight alkenegfins, and aromatics to the high
molecular weight diesel-like molecules. The upstrediesel oxidation catalyst (DOC)
reduces the concentrations of these species, lugdilne rich operation many of these
species reach the LNT. The deNg@erformance of a LNT catalyst should be insensitiv
to the changes in the reductant composition. Arddsiatalyst should be a periodic NH
generator irrespective of whether the feed contaifnsCO, and/or hydrocarbons. The
concentrations of CO and,Hepend on the air-to-fuel ratio during the regatien. For
example, an air-to-fuel ratio of 9.0 may favop Heneration and an air-to-fuel ratio
between 12.0 and 13.0 may favor CO generdifSh Hence, the LNT catalyst may be

exposed to varying CO/Hatios during the regeneration.
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We studied lean NQreduction with H and CO over several synthesized
LNT/SCR dual-layer catalysts. The impact of the uetdnt composition, catalyst
composition profile, reactor configuration, andrigah switching policy on the cycle-
averaged NQconversion and product selectivity was studiede Tésults suggest ways
to reduce the loading of the expensive PGM whilentaiing a high N@ conversion

over a wide temperature range.

6.2 Experimental

Experiments were performed by periodic shifts betw#he lean and rich feeds to
evaluate the deNQperformance of dual-layer catalysts. The carrgs gontained 2.5%
H,0O and 2.0% C®in Ar. The lean feed contained 500 ppm NO and 5%tn@he carrier
gas mixture. It was fed between 6 s to 60 s. Thed teductant concentration in the rich
phase was 2.5% in the same carrier gas. Threeteeduwzompositions were used: 2.5%
H,, 2.0% H/0.5% CO and 1.5% #1.0% CO. The corresponding CQ/katios were 0,
0.25 and 0.67, respectively. The duration of tbh feed varied from 1 to 20 s. The cycle
average HINO feed ratio was 1.04 times the stoichiometritorameeded for N
formation by the reaction,
16H, + 4NO + 3Q <> 4NH;3 + 10H.0. (R1)
It took approximately 10 minutes to reach a pedostiate. The feed temperature was
increased from 150 to 400 °C in steps of 50 °Cleast 25 cycles were run at each

temperature. The cycle-averaged ,Né@nversion and product selectivity were obtained
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by averaging the last ten cycles. The NOnversion, the NHand NQ selectivity ()

and the NO selectivity (8) were calculated by

([Fo® + Fuo, @t
J 2
d 1)

Xwo =1-

X

le Fuo(t)dt

T F, () dt
S, = 0 ,and (2)

], Fot)dt - ] Fuo(t) dt

Tz OF, () dit
S =—0—— : (3)
[Flo®at — [Fo(t)dt

Heret andrts are the duration of lean phase feed and a leantotal cycle (s).
Flo is the NO feed rate anByy(t) the corresponding effluent molar flow rates
(mole/s).F,(t) is the effluent molar flow rates of either Mkr NO, andFg(t) the

effluent molar flow rate of BO (mole/s).
A few stationary experiments were conducted overllfNT catalysts to assess the
activity of the reverse water-gas-shift reactiovn@S); i.e.,
H, + CO, € H,0+CO. (R2)
The total flow rate was 1000 sccm (GHSV= 60,000 based on total monolith

volume). It contained 500 ppm CO and 2.5%®OHn Ar.
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6.3 Results and Discussion

6.3.1 Effect of CO/H ratio on NOy Reduction on LNT Catalysts

Experiments were conducted to compare they NOnversion and product
distribution of the three LNT catalysts. Figure &liows the NQ conversion for the
ceria-free LNT1 catalyst exposed to a 60s leani@is cycle over a range of feed
temperatures. The rich feed contained 2.5% reduataa carrier gas mixture of GO
H,O and Ar. Three different COMHatios were used during the LNT regeneration. The
solid line describes the N@onversion as a function of feed temperature u2i6go H
as the sole reductant. The dashed and dottedripessent the NOreduction by CO/H
mixtures with ratios of 0.25 and 0.67, respectivdlge NQ conversion using 2.5% H
feed had a local minimum at 260 and a local maximum at 358G. The NQ conversion
decrease above 350 °C is likely due to the decrgastability and an increasing
decomposition rate of stored N8%. The decrease in N@onversion between 150 and
200°C is attributed to an onset of the reverse watsrstjt reaction, CO+ H, €->CO
+ H,0 " 281 This is supported by the fact that the ,Nénversion approaches that

obtained for a rich feed having 0.5% CO in 2% ¢bnsidered in more detail next.
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Figure 6-1 Comparison of N conversion by LNT1 catalyst using a mixture contair
2.5% redutants with different COjHatios.

The COeontaining feeds led to lower I conversions than that of a fe
containing only H at temperatures below 25°C. For example, at 15°C the NQ
conversion was 54% for a (-free feed but decreased to 15% for the feed withiH, =
0.67. As the temperature increased above °C, the differences between the

conversions for the threefferent feeds diminished. At temperatures excee@®@ °C,
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the NQ reduction of mixtures of fHand CO was actually slightly higher than that of a
feed of pure K

The presence of CO in the reductant mixture gredilyinishes the low-
temperature NQconversion. This is evident from Figures 6-2.a &énthat show the
transient effluent composition from the LNT1 ca#lguring the 5 s of the rich phase and
5 s of the subsequent lean phase during twodlyfgean (60s)-rich (5s) cycles, using 2.5%
H, to regenerate the catalyst. At both 150 °C and ZDON,O immediately formed
during the rich phase, followed by the formationN#i;. CO was produced after Nkt
200 °C, while no CO formed at 150 °C. The appearamicNHs;, a product of deep
reduction, shows that excess Mas fed in the experiment. When the temperatuat s
above 200 °C, Hreacts with CQfed in the carrier gas to generate CO via therseve
water-gas-shift reaction. The absence of CO at°C56uggests that the reaction between
H, and CQ is very slow; therefore sufficient free PGM sita®g available for the NO
reduction to occur. On the other hand, the CO lthealigh at 200°C suggests the
formation of enough CO that a fraction of PGM sibescome occupied by CO. This
decrease of the available PGM active sites decsehgeNQ storage and reduction and
leads to the local minimum in the N@onversion at 200 °C using pure s the

reductant.
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Figure 6-2 The effluent concentrations during 15 s of rich feed and subsequé s of
lean feed using LNT1 at (a) 150 °C and (b) 200k reductant was 2.5%, and the
cyclic feed was of 60 s lean and 5 s rich.
The CO inhibition is more significant when a mixdwf F, and CO is used as the
reductant. This is evident from the much lower, conversion using CO mixtures

conduct the regeneration at 200 °C. As the tempexas increased, the CO inhibiti

decreases due to an increased rate of CO desarptiofact,the presence of CO in tl

150



reductant mixture increases the N@duction above 250 °C. According to James et al.
B the presence of CO facilitates the decompositibrbarium nitrates both on the
surface and in the bulk. Thus, a more completeneggion at high temperatures can be
achieved using both Hand CO compared to pure,.HThe higher utilization of NQ
storage sites on the surface and in the bulk iseedhe NQ conversion above that
attained with pure preductant. Corbos et &% **!also reported that using & Bnd CO
mixture led to the highest N@onversion from a LNT-SCR mixture catalyst.

The CO/H ratio affects both the NQOreduction and the product distribution.
Figure 6-3 compares the,Nind NH selectivities using LNT1 catalyst with reductant
mixtures containing different COHiatios but fixed total reductant concentratiorb¥a).
When pure H was used as the reducing agent, the; ISElectivity decreased with
temperature while the N\selectivity increased, except at 200 °C wherecallminimum
in the NH; selectivity (39%) was obtained. In contrast, fad,Neduction by Hand CO
mixture, the N and NH selectivities had different temperature dependencrhe NH
selectivity increased with temperature below 25GMd then decreased. The temperature
dependence of Nselectivity was in general the inverse of thesMlectivity since these
two were the primary N-containing products at higtemperature. The NQeduction
with pure H led to a higher Nkiselectivity than using mixtures of,knd CO over the

entire temperature range.
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Figure 6-3Comparison of (a) » and (b) NH selectivities. Catalyst was LNT1. Fe

contained 2.5% reductants with different Ct, ratios

These trends suggest that the presence of CO imethectant mixture has

significant impact on the regeneration chemistryheW pure kL is used as the sole

reductant, CO is produced above 200 °C accordirggore6-2. The formed CO binc

to the PGM ad inhibits the deep reduction of the stored,®* %, As a result, the NH

selectivity reaches a local minimum at 200 °C. @mainution of NF; generation in the

lower temperature range is more pronounced whems@@esent in the reductant mixtu
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The lower the CO/blratio the higher is the NHselectivity. A temperature increase
facilitates the CO desorption and enhances theigcof the water-gas-shift reaction.
This increases the availability of PGM sites fotatygst regeneration and of;Hor NH3
generation. Thus, NHselectivity from NQ reduction with H and CO increases with
temperature up to 250 °C. For all the reductanttumés increasing the temperature
decreases the NHselectivity due to sequential reaction with stolfd, downstream of
its generatior®*33, The N selectivity increases at the expense of the; Nélectivity

decrease for all reductant mixture compositions.

6.3.2 LNT/SCR Dual-layer Catalysts for CO/H Reductant Mixtures

The rather high NH selectivities (>50%) obtained with the LNT1 catdly
suggests that a dual layer catalyst will enhaneestiectivity to M. We have previously
shown that this is the case by usingas the sole reductant in the absence and presence
of CO, and HO 2% Figures 6-4.a-c compare the N€bnversions from LNT1 and
CuZ-LNT1 catalysts using reductant mixtures with fame three CO/Hatios as earlier.
The solid lines describe the LNT1 catalyst perfaroeg and the dashed lines those of the
corresponding dual-layer catalyst. The dual-laysalgst had a higher low-temperature
NO, conversion than the LNT1 catalyst for all temperas except for 406C. The
increase in NQconversion from the dual-layer catalyst decreasiéid an increase of the
CO/H, ratio. At 200 °C, the NQconversion increase was 27%, 21% and 18% for

mixtures with a CO/Kiratio of 0, 0.25 and 0.67, respectively.
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Figure 6-4 Comparison of the Ny conversion using mixtures with 2.5% reductants \

different CO/};, ratios conducted over LNT1 and C-LNT1.

The addition of the Cu/ZS-5 SCR catalyst layer contributes selective reduac

activity for thestandard SCFreaction between N§INO and Q. When the dual-layer

catalyst is used, NHproduced in the underlying LNT layer during thehriphase i

captured by the SCR t-layer due to the known strong binding of 3 to the Cu/ZSM-5,

decreasing the Niislip 2%, The NH; stored in the SCR catalystduces the NQfed
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during the lean phase, generatine with high selectivity. Figure6-5 shows the
enhancement in thesNelectivity followingthe deposition of the CuZ layer on top of
LNT1 layer. The large increase in the, selectivity shows the effective SCR utilizati
of the stored NElfor NO, reduction chemistry. The addition of CO to the i&édant limits
the SCR pathway because it decreases tF; selectivity, as shown in Figu6-3. Hence,

an increase in the CO, ratio decreases the N©onversion.

100 f.__—f.--_*
75 T
=
=
=
B 50 T
Q
@
n
=3
— LNT1
25 +
-—-- CuZ-LNT1
0 : : ' ' ' :

100 150 200 250 300 350 400 450
Feed Temperature (°C)

Figure 6-5Impact of CO/H; ratio on the N selectivity over LNT1 and Ct-LNT1.
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The LNT1 and CuZ-LNT1 N@Q reduction with CO and Hmixture can be
improved by depositing a SCR-layer on top of thelTllyer. An important challenge is
to minimize the impact of the COjHratio in the reductant mixture on the NO
conversion, especially at low temperatures. Thig beaccomplished by optimizing the

catalyst design variables, such as the ceria lgadithe LNT layer as shown below.

6.3.3 Effect of Adding Ceria to the LNT Layer

Ceria is an established effective promoter of LNafatysts. It serves several
important functions. First, ceria enhances the xedctivity of Pt. Phatak et al'??
reported that the turnover frequency of ceria-sugooPt is 30 times higher than that of
alumina-supported Pt. Second, ceria provides antditiNQ, storage sites, especially
below 250 °C3Y. Third, ceria mitigates CO inhibition by eitherhemcing the oxidation
of CO and, when bD is present, enhances the water-gas-shift readpmadding ceria,
the Pt-catalyzed CO oxidation reaction order charfgem -1 to 0*?**%! |n an earlier
study we showed that CO oxidation can be carriedesen at 150 °C over a PtCe
catalyst ™% Other benefits from the ceria addition include tresistance toward
hydrothermal aging through the stabilization ofcBistallites and the mitigation of SO
poisoning. For these reasons, a LNT catalyst coimgiceria was used in the study of the
dual-layer catalyst.

The temperature dependence of NOnversion as a function of feed temperature

of the ceria-free LNT1 and ceria-rich LNT3 catatyss shown in Figure 6-6 using

reductant mixtures with different COfHatios. The NQ conversion by the LNT3
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catalyst was up to 35(absolute) higher than that Bye LNT1 catalyst. For example, t
NOy conversion from LNT3 was 71% at 200 °C, while th®x conversion from LNT!
was 36%. Increasing the CC, ratio decreased the NQ@orversion using eithethe
LNT1 or LNT3 catalyst. Interestingly, the increasghe NC, conversion achieved wit
the addition of ceria (LNT1 to LNT3) was unaffectbg the CO/l, ratio, except at

150 °C.
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Figure 6-6 Impact of CO/H, ratios on NQ conversion over LNT1 and LNT
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The mitigation of CO inhibition by ceria additios likely due to the increase in
the rate of the water-gas-shift reaction as showirig 6-6. On the other hand, the
reduction in the rate at 20C may be due to the reverse water gas shift reaasashown
in Fig 6-2. To check these assertions, Figurecoivipares the extent of the steady-state
WGS reaction over the LNT1 and LNT3 catalysts. Fég6-7.a shows that at low-
temperatures the WGS reaction rate significanttydased in the presence of ceria. The
light-off temperature, defined as the temperatur&Q®o CO conversion gdy), was
approximately 50 °C lower for LNT3 than for LNT1hds, the effective CO removal and
subsequent Hgeneration increased the low-temperature perfocenaf LNT3. Figure
6-7.b shows the steady-state reverse water-gas{gattion over LNT1 and LNT3
catalysts. In this experiment a mixture of 2.5%) and C® (2%) with and without
water generated CO even at 200 °C, confirming Hréee observation in Figure 2. A
comparison of Figures 6-7.a and b shows that tienexf the reverse WGS reaction is
smaller than that of WGS reaction. For example2@Q °C the CO conversion over
LNT3 was 35% while the COconversion was only 0.11%. This difference re#eitte
fact that the water gas shift reaction is exotherso the thermodynamics favors the
forward reaction. Thus, ceria addition primaeiyhances the CO conversion tg &hd
therefore promotes the low-temperature performantethe LNT catalyst. This
conclusion is in line with the findings of Hondasearchers® *3! In a narrow

temperature window the reverse water gas shiftigamhibits the NQ conversion.
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Figure 6-7 (a) CQ formation by the wat-gasshift reaction and (b) CO formation
the reverse wat-gasshift reaction conducted over LNT1 aLNT3.

The lowtemperature Ny reduction with H/CO mixtures can be improved
adding ceria to the LNT layer or depositing a CiM-5 SCR layer on top of the LN
layer. Taking these concepts one step further,a-layer of the ceri-containing LNT3
and SCR catalysts were expected to have the be-temperature performance. Figt

6-8 compares the Ny conversions by th&NT3 catalyst and the corresponding -
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layer catalyst using different reductant composegioWwhen 2.5% , was used as the
reductant, the duahyer catalysigave a slightly higher NOconversion than the LNT
catalyst at 200 and 250 °C, but-7% lower NQ conversion above 250 °C. For hig}
CO/H, ratios, the enhanced rate by the SCR addiwas more significant at lov
temperatures. However, the c-layer catalyst NQ conversiorwas still lower than the

of LNT3 above 250 °C.
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Figure 6-8 NOy conversion by LNT3 and Ci-LNT3 using three differet 2.5% CO;
redictant mixtures.
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The lower high-temperature N@onversion of the dual-layer catalyst than that of
the LNT-only catalyst is very likely due to the &dth of ceria. As shown in our earlier
paper? 123 the oxidation of stored NHis increased in the ceria-containing LNTs
during the lean phase. That is, during the leam-siwitching the NH stored in the top
SCR layer, which desorbs at higher temperaturesbeaoxidized to NQby the adjacent
LNT layer. This undesired reaction can increase dbesumption of stored NHthat
otherwise would react with NOAt high temperatures, NfHoxidation generates NO
Hence, the combination of SCR and the ceria-richT Lddtalysts decreases the high-
temperature NQconversion below that of LNT3 due to the excessit#g oxidation that
generates additional NO

The ceria loading of the dual-layer catalyst shobkl optimized to balance
between low- and high-temperature N@duction. This can be accomplished by the non-
uniform addition of ceria along the LNT layer; j.2oning. This non-uniform loading of
an active catalytic component is a practical mettoothcrease the catalyst performance,
according to a patent by Fofd®®. For two LNT catalysts with the same PGM loading,
the one with a non-uniform PGM profile has a high#d, conversion than one with a
uniform PGM profile.

Dual-layer catalysts with different ceria profilesthe LNT layer were prepared
by attaching halves of dual layer catalysts witffedeént ceria loadings as shown in
Figure 6-9. The dual-zoned dual-layer catalyst @ned using the combination of
abbreviations U, D, L and H. U stands for the wgestn half-piece, D the downstream

half-piece, L low ceria loading (0 wt%), and H higéria loading (34 wt%). The dual-
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layer catalyst with a cel-free upstream half-piece and a cei@ downstream ha
piece is named as UDH. The duallayer catalyst with a reverse ceria profile is redd

as UHDL. The schematics of L-DH and UHDL are shown in Figur6-9.

CuZ-LNT1 I CuZ-LNT3 I

UL-DH _ Substrate
| , i @ Ceria-free LNT1

oo e e e e neat e e et emem e eenarenenrmrmeenanan st “ M Ceria-rich LNT3
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Figure 6-9 Schematics cUL-DH and UH-DL zoned dudhyer catalyst:

Figures 6-104)-(c) compare the NQOconversion using different CO, reductant
mixtures over three di-layer catalysts: CuZNT1 (ceria free), Cu-LNT3 (ceria
uniform —34 wt.%), and U-DH (cetia nonuniform: none in front half, 34 wt.% in be
half).Using pure H as the reductant (Figui6-10.a), the CuZ-NT3 low-temperature
NOy conversion exceeded by 18% ' obtained by the ceriiee Cu-LNT1 dual-layer
catalyst. At higher temperatures, tNOy conversion of the cel-rich CuZ-LNT3 was
lower by about 6% than that of the c-free CuZLNTL1. The due-layer catalyst with a
ceriafree front zone and a ce-rich back zone (ULDH) had a higher Ny conversion

than either the CuZNT1 or the Cu.-LNT3 over the entire temperature range usit,
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as the sole reductant. When CO was included imetiectant mixture (Figur6-10.b and
c), the zoned dud&yer catalyst with an increasing ceria profile,-DH , still provided a
good combination of the Ic- and hightemperatures merits of the C-LNT1 and CuZ-
LNT3, respectively. As Figure6-10 (b) and (c) show, the N@onversion of UL-DH
always exceeded that of C-LNT1. The UL-DH had a higher NQonversion than CuZ-
LNT3 above 250 °C, but a lower Ik conversion below 250 °C. The ceria loading
UL-DH was only 50% of that in the C-LNT3. Yet the NQ conversion from the U-
DH was at most 10% lower than that of the -LNT3.
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Figure 6-10The NG conversion by three duldyer catalysts using mixtures wi
different 2.5% CO/Hreductant mixtures.
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The non-uniform ceria loading of UL-DH accounts ftre enhanced NO
conversion. Below 250 °C, the N@eed is mainly reduced by the downstream zone
containing the high ceria loading. During the ,N§orage, ceria enhances the PGM
activity for NO oxidation and NQspillover and provides additional NGtorage sites;
during the regeneration, Ceria facilitates the re@eNQ spillover to the PGM and
mitigates the CO inhibition. The ceria-free upstneaone works as a secondary NO
reducer but an effective NHyenerator at low temperatures. On the other habdye
250 °C, the majority of the fed N@s captured by the upstream ceria-free zone dtigeto
enhanced LNT activity with temperature. During tegeneration, the stored N©On the
ceria-free upstream zone is reduced to;/dHd the formed NEis captured by the SCR
top-layer. In the absence of ceria, the undesirkelg dkidation is lower than with ceria.
Some escaping NHs captured by the SCR top-layer in the downstreane, instead of
being oxidized by the LNT3 bottom-layer. Thus, teria-rich downstream zone can
remove the slipping NOand NH from the upstream zone. The synergy between the
ceria-free upstream and the ceria-rich downstreamesz enhances the loaded ceria
utilization. Hence, the UL-DH is the best choice D, reduction at both low- and high-

temperatures.
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Figure 6-11Comparison c NO, conversion by three different zoned c-layer catalysts
using 2.5% CO/kreductant mixtures.

In addition to an increasing cerdepositionprofile, there are other possit
deposition profiles such as a decreasing ceridlprand a uniform ceria profile. Figur
6-11 (a)-(c)compare the Ny conversions as a function of feed temperature fiome
dualayer catalysts with different CO, ratios in the reductant feed mixture using th

dualHayer catalysts with the same total ceria loaditigghe UL-DH dua-layer catalyst
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the upstream zone was free of ceria while the dowas zone had a rich ceria loading,
where the UH-DL the upstream zone had a rich deading and the downstream zone
was ceria free. In the CuZ-LNT2 the bottom layesw&l T2, which is uniformly loaded
with ceria. The UL-DH always had a higher Nénversion than the other two catalysts
over the entire temperature range for all reduataimtures. The performance of UH-DL
was comparable to that of the CuZ-LNT2: The UH-Dlvitemperature NOconversion
was slightly higher than that of the CuZ-LNT2, whibad a better high-temperature
conversion.

The best performance of UL-DH is due in part to @remeffective utilization of
the H reductant. Ideally, the LNT function of the duayér catalyst should convert half
the NQ, to NH; so that the SCR function converts resulting 1:13Ni, to N, by
selective catalytic reduction. However, in the pree of ceria, someHeacts with
adsorbed oxygen on Pt and the stored oxygen owreha. If the ceria-rich catalyst is
placed in the upstream section, the Nfdrmation is decreased by this undesired
hydrogen oxidation. The UL-DH zoning guaranteesaximum NH; formation from the
ceria-free upstream zone. The remainingadd CO reduce the stored N@n the ceria-
rich downstream zone. Thus, a complete regeneratidra maximum Niformation can
be obtained from the LNT bottom-layer by the higberia deposition in the downstream.
This also maximizes the contribution of the SCRlyer to the NQreduction.

Zoning can produce a non-uniform ceria profilehe tlual-layer catalysts. In the
UL-DH configuration, the ceria-free upstream zosethe main NQ reducer at high

temperatures and the LNT bottom-layer generateg alildll temperatures. The ceria-rich
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downstream zone serves as a majory N€ucer at low temperatures and anzNH
eliminator at high temperatures. Thus, the zonedDHL is the best choice for NO

reduction with H and CO.

6.3.4 Using Dual-layer Catalyst to Reduce PGM Loadg

A dual-layer catalyst can reduce Néither by the NSR or the SCR routes. It is
desirable to replace some of the LNT PGM catalyst the less expensive SCR catalyst.
As described earlier, the function of the LNT cgsalis to trap and convert a fraction of
the NQ to NHs, while the SCR catalyst is used to trapNtd react it with unconverted
NOy. Thus, PGM loading of the LNT catalyst should I tminimal needed to
accomplish the partial storage and ]\d¢neration. As we show in this section this can be
accomplished also with aged or low PGM-loaded LIdfalysts.

There are several similarities between a thermadjgd and a low PGM-loaded
LNT catalyst. Each has a low NO oxidation activatyd both suffer from a low NO
storage capacity due to the decreased NO oxidadinity. On the other hand, each
benefits from a high NEiselectivity due to the reduced Midxidation activity. Clayton
et al.'* showed that LNT catalysts having a low Pt dispersire more effective NH
generation catalysts. Crocker and coworkéts®® have shown that the aged LNT
catalysts are more active Nigeneration catalysts. The reduced oxidation dgtigi a
direct consequence of the smaller interface betwee®GM and Ba-based NGtorage
phase. The rate of the reverse Nillover from the barium to the PGM is lowered by

the less intimate contact between the PGM and &nieirlb. Thus, the local #NOy ratio
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over PGM increases during the regeneration, incrgake NF; selectivity. As shown
below, this is an important contributing factortire design and operation of LNT/S(

catalysts.
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Figure 6-12(a) The NG conversion and (b) Nibelectivity of an an aged LNT1 catal
with different 2.5% CO/I, reductant mixture

Experimentswith a thermally aged LNT catalyst tested the abowajectures

Figures 6-12 (apnd (b) show the NQ conversion and Niiselectivity of aged LNT:

catalyst with different CO/; ratios in the reductant mixtures. The general festof the
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NOx conversion and the Nfselectivity of aged LNT1 are similar to those bé tfresh
LNT1, as shown in Figures 6-1 and 6-3. On the otiard, the NQ conversion of the
aged catalyst was lower by up to 30% from thathef fresh LNT1 catalyst, while the
NH3 selectivity was higher by approximately 10%. Heredower NQ conversion and
higher NH; selectivity can be obtained by the aged LNT.

To compensate for the declining activity of thedg®T catalysts, a higher SCR
loading was applied to the dual-layer catalyst, irstead of a 0.9 gArSCR loading as
in earlier experiments, a 2.0 ¢fiBCR loading was applied. Figure 6-13 compares the
cycle-averaged NQconversions using different reductant mixturesraeee UL-DH
catalysts: the first with a 0.9 gfirSCR loading and a fresh LNT1 in the upstream
followed by a fresh LNT3 in the back (UL-DH-1; thssthe earlier catalyst UL-DH — the
“1” is to distinguish it from the other two catalyy the second with a 0.9 ¢fiSCR
loading and an aged LNT1 in the upstream followgd liresh LNT3 in the downstream
(UL-DH-2); The third with a 2.0 g/fhSCR loading and an aged LNT1 in the upstream
followed by a fresh LNT3 in the downstream (UL-DH-3he UL-DH-1 dual-layer
catalyst with the fresh LNT and a 0.9 §/BCR loading had the best performance for all
reductant mixtures. The UL-DH-2 dual-layer catahgth an aged LNT and a 0.9 gfin
SCR loading had the lowest N@onversion in all cases. For the same LNT bottaye,
the low-temperature NQ-onversion could be increased by 8-10% by incngptfie SCR
loading. The impact of the SCR thickness decreasdtie temperature is increased. The
NOy conversion using two dual-layer catalysts (UL-DMHand -3) with the aged LNT

bottom-layer are almost the same above 250 °C.
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Figure 6-13The NQ conversion by three zoned aged dagkr catalysts with differer
SCR loadings using 2.5% CC, reductants mixture
The experiments show that a thicker SCR layer ograve the low temperatu
NOy reduction performance, while the high temperatiedgomance is lessensitive to
changes in the thickness of the SCR laThis suggests that the I-temperature, dual-

layer catalyst performance is limited by the 3 utilization of SCR catalyst, while tt
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high-temperature performance is limited by thesNétmation by the LNT catalyst. At
low temperatures, the overall N@eduction can be enhanced by using the LNT to
convert the N@to NHs, and then to react this Nhvith NOy in the SCR catalyst. Since
the standard SCR reaction (NO % ® NH3) over Cu/ZSM-5 is controlled by kinetic
below 250 °C, a higher SCR loading should increthee NQ, conversion. Upon a
temperature increase to 300 °C, N@duction over the SCR top-layer is limited by the
NH3 generated by the LNT bottom-layer instead of tldRSatalyst activity. A higher
SCR loading cannot improve the high-temperaturg Bahversion. In this scenario, the
NOx reduction is limited by the NOstorage on the LNT catalyst and the sequentiaj NH
generation. The SCR contribution is limited by thte of NH formation from the LNT
bottom-layer.

The low-temperature NQreduction from a dual-layer catalyst with an agédr
bottom-layer can be improved by increasing the 3@&ling. The dual-layer catalyst
offers an opportunity to reduce the PGM loadingebipancing the SCR reactions at low
temperatures. In the operating temperature windbw5s0 to 400 °C NQreduction on
the LNT catalyst faces rate limitations at low tergiures, due in part to the kinetic
limitations of NO oxidation and NQOregeneration. Thus, a high PGM loading may be
needed to achieve a desired low temperaturg dd@version. Some of this PGM may not
be needed at high temperatures. By using the dyal-Icatalyst, the low temperature
NOx reduction can be improved by increasing the SCRditgy. This enables
minimization of the PGM load to a level that proesdthe required NQOconversion at

high temperatures.
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The dual-layer catalyst provides an effective, pcat solution to reduce PGM
loading at high temperatures. One can estimateeffi@ency of the loaded PGM by a

space time yield defined as

moleNOxconverted ) _ X, * Fuox (Mmole/ hr)
PG = : (4)

gPGM hr PGM loading(g)

The higher the ST¥sw, the higher the PGM efficiency. In other worddhigh value of
STYpem corresponds to a low loading of PGM needed to aehe specified NQ
conversion rate. Table 6-1 compares the &hwof different LNT/SCR combinations
from different research groups at 300 °C. The daygr catalyst has the highest Sty
value. Since the precious group metals, such aanBtRh, are the most expensive
components in the LNT/SCR, a dual-layer catalyst ceduce the catalyst cost. The
successful application of the aged LNT in the dagér LNT/SCR catalyst suggests a

high feasibility to use a LNT catalyst containingraall PGM loading.

Table 6-1STYpgy at 300 °C of several LNT-SCR catalyst configunasio

Source Catalyst Configuration ST¥%gm (mol/hr*gPGM)
This report dual-layer 0.38
Ref [126] multi-brick 0.08
Ref [68] dual-bed 0.18
Ref [70] mixture 0.30
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6.3.5 Optimization of Lean-rich Cycle Time

A lean-rich cycle time can adjust the performanta dual-layer catalyst. Kabin
et al.”?” studied the dependence of the time-averaged dd@version and Nselectivity
on the lean-rich protocol. Clayton et 4t and Ren et al*® extended the work of Kabin
et al. The rich time needs to be sufficiently Idogavoid dilution of the rich feed and to
generate NK A too long rich time causes excessive breakthtafgeductant. Thus, an
optimal intermediate cycle duration exists. Atxaetl lean time and feed composition, the
NH3 selectivity increases with the rich time. Due b@ important role of NEin the
protocol for the dual-layer catalyst, the optimahn-rich cycle time has to differ from
that for the LNT-only catalyst.

Figures 6-14 (a) and (b) describe the ,Ndd H conversions under different
lean-rich cycles using the UL-DH-3 dual-zoned dagkr catalyst. The lean feed was
fixed at 500 ppm NO and 5%,@n a carrier gas mixture containing 2.5%Hand 2.0%
CO; in Ar. The lean duration was 60 s while the rigiale duration varied from 3 to 20 s.
The total amount of pfed during the rich period was 93.0 umol. For epgkemthe 60-3
lean-rich cycle consisted of 4.17% fbr 3 s during the rich phase and during the 60-20
cycle 0.63% H for 20 s. The 60-3 lean-rich cycle had the lowe&, conversion over
the entire temperature range. The NfOnversion increased upon an increase of the rich
duration up to a critical value with a correspomdiecrease in theHdoncentration. The
critical rich feed time for a 60 s lean feed wassl@-or example, the NQronversion
from the 60-5 lean-rich cycles exceeded that of63 but was smaller than that of the

60-10 lean-rich cycles. An increase in the richation above 10 s and a corresponding
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decrease in the +toncentration decreased the x conversion below that of the -10
leantich cycle. At the same time, the, conversion during the le-rich cycle decreased

with an increase of the rich duration and the desgeof I, concentratior
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Figure 6-14Impact of lea-rich cycle ratios on (a) NCand (b) H conversion by a zoned
aged UL-DH-3 dual-layer catalyst.
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The peak N@ conversion at the 60-10 lean-rich cycle may be tehe
maximum H efficiency for NH formation. According to an IR thermography study b
Liu et al. !9 the reductant reacts with the residual oxygen lirelthe catalyst pores
upon the switch from lean to rich phase. For a tshiwh duration with high K
concentration, a fraction of the, s wasted in the very beginning due to reactioth wi
residual Q. This decreases the amount of &Vailable for stored NOregeneration and
increases the Hconversion. The NElproduced during the rich phase decreases as well.
For a longer duration rich phase having a lowgcéhcentration, the undesired hydrogen
oxidation is minimized and thesHtonversion decreased. On the other hand, a todijow
concentration results in a lowoMlOy ratio, favoring N formation instead of N This
decreases the N®@eduction by the SCR layer. This is an undesirabkeome if the goal
is to increase the NQeduction on the SCR catalyst. Hence, an optimblduration and
H, concentration exist for maximumléfficiency and NH production. For instance, the
optimal rich duration and Hconcentration are 10 s and 1.25%, respectivelys Th
optimization of the lean-rich cycle increases thel £conomy. For example, a processing
time of 910 s corresponds to thirteen 60-10 cyeled fourteen 60-5 cycles. The total
amount of H injected is 1209 pmol for the 60-10 lean-rich eyahd 1302 pumol for the
60-5 lean-rich cycle. Since the 60-10 lean-richleyeduces the amount of lhjection,
the amount of reductant needed for catalyst regdioeris minimized. The fuel economy
can be further improved by shortening the rich tlona to avoid excessive H

breakthrough and increase thgdénversion.
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Additional optimization was done for a fixed 6-tioaof lean to rich duration,
while the total cycle time was changed from 7 tas7&xperiments were conducted with
three lean-rich cycles: 6-1, 30-5 and 60-10. Figi#db shows the NQOconversion from
these three lean-rich cycles with different redntdaThe 6-1 lean-rich cycle had the
lowest NQ conversion under all conditions and the feed teatpee had little impact on
the NQ conversion. The 30-5 lean-rich cycle had the hsgiNO, conversion, exceeding
those of the other two lean-rich cycles even whth highest CO/Hratio. The advantage
of 30-5 lean-rich cycle over the 60-10 lean-richcleywas significant when the
temperature was below 300 °C, while these two sytde to similar NQ conversion
above 300 °C.

A high lean-rich cycling frequency increases thaeization of available NG
storage sites. Shakya et 4I! used a crystallite-scale LNT model to simulatdedént
lean-rich cycles over a low-dispersion LNT cataly&te short lean-rich cycle improves
the deNQ performance, when the storage and reduction améell by the transport of
stored NQ. More effective NQ@ storage and Niigeneration in the LNT layer leads to a
better deN@ performance from the dual-layer catalyst. Henlee NQ, conversion by the
UL-DH-3 dual-zoned dual-layer catalyst can be inmpbby a short lean-rich cycle. One
important benefit from the short lean-rich cycldhe increase of NOconversion in the
presence of CO at low temperatures. This impliespbssibility to increase the air-to-
fuel ratio during the catalyst regeneration, enirapthe fuel economy. On the other
hand, a too short lean-rich cycle is harmful to da¢alyst performance. According to

| [19-20]

Kabin et a , a short rich duration dilutes the rich feed sattla reducing
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environment cannot be created. As a result, -1 leanfich cycle has the lowest

conversion among all the three tested -rich cycles.
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Figure 6-15Comparison of N conversion under different leaith cycles by an age
zoned UL-DH3 catalyst using mixtures with 1.25% C(, reductants mixture
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6.4 Conclusions

The LNT-SCR dual-layer catalyst experiments gemeratovel information and

understanding about the impact of the reductantpositions, the impact of ceria zoning

and the feasibility to reduce the PGM loading. Experiments tested proposed key

improvements and the main findings were:

CO inhibition of the LNT catalyst at low temperasris a key obstacle for NO
reduction when using mixtures ok ldnd CO. Increasing the SCR loading on the
dual-layer catalyst improves the low-temperature, Ksduction.

Ceria addition to the LNT layer improves the lownfgerature NQreduction by
enhancing the reverse water-gas-shift reaction,abutindesirable impact is the
enhanced NEloxidation at high temperatures.

Zoned ceria addition to the dual-layer catalystriowps the low temperature NO
reduction and minimizes NHoxidation at high temperatures. For a fixed total
ceria loading, the NQconversion by a dual-layer catalyst with a cereef
upstream zone and a ceria-rich downstream zond @&higher than one with a
uniform ceria deposition.

The PGM loading in a dual-layer catalyst can baiced by increasing the SCR
loading. A high SCR loading improves the low-tengtere NQ conversion,
while the NQ conversion above 250°C is limited by NGtorage and the

subsequent Niformation from the LNT catalyst.
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» Adjustment of the ratio of lean to rich feed tinreldhe total duration of lean-rich
cycle can increase the N@onversion and enable minimizing the impact of CO
inhibition at low temperatures.

These findings reveal that the dual-layer cataligsstan attractive design
alternatives has the potential to enhance thg K¢@Quction, lower the PGM loading and
increase the fuel economy. These improvements eaacbomplished by adjusting the

catalyst design variables and operating strategies.
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Chapter 7 Conclusions And Recommendations

7.1 Conclusions

This study, which consists of two parts, investglathe operation of LNT/SCR
dual-layer catalyst. In the first part, the impatteria on NQ storage and reduction was
investigated. The second part studied the, N€uction over a series of dual-layer

catalysts.

7.1.1 Spatio-temporal Features of Periodic Oxidatio over the PtCe Catalyst

Infra-Red measurements revealed that the cyclitssbetween the lean and rich
(H, and/or CO) feeds to a Pt/Cg@QAI,O; monolith catalyst generated a complex,
spatio-temporal temperature rise. The effluent eatrations did not reflect these
complex interactions. This led to the importantaasion that a study of only the reactor
effluents cannot enable the understanding of wkatrs inside the monolith. A sharp
temperature rise occurred in the upstream of thaofitb shortly after the cyclic
introduction of H/CO to a pre-oxidized catalyst or, @ a pre-reduced catalyst. The
upstream hot zone temperature decreased with tirtteowt forming a downstream
moving temperature front. The intricate transi@mperature gradients were caused by a
competition between the chemical and transport pabeess. While the reductant was
oxidized in the monolith upstream right after tear-to-rich (LR) transitions the almost
pure nitrogen flow sweeps most of loosely-bound gexy in the downstream. The
majority of the oxygen that reacted was the looselyl oxygen, which could be easily
removed by a gas purge. For example, only about @0%te total oxygen trapped during
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the pre-oxidation with a 5% AN, mixture at 35CC was strongly held or chemisorbed.
The removal of the loosely held, or physisorbed/gex by the introduction of a nitrogen
sweep between the lean and rich feeds led to a rMuarie uniform reduction and a
moving temperature front. The peak temperatureafiter a lean-to-rich (LR) switch was
much higher that following a rich-to-lean (RL) sglit because the oxygen adsorbed on
the Pt was replenished by spillover from the €é@ing the LR switch. Although the
spatial features of the thermal fronts were indamsito the change of operating
parameters, the amplitude of the hot spot highlyedded on the operating condition.
The peak temperature rise decreased with the ntbrielinperature. It achieved a local
maximum at 350 °C due to the;® desorption. The peak temperature rise increased
monotonically with the space velocity for a constaronolith temperature. The peak
temperature rise increased with the increase dfeeithe fed reductant or oxygen
concentration. The peak temperature rise dependeth® feed composition due to
differences in the temperature dependencies obxidation rate of CO and 3 Using
CO as the reductant led to a higher peak temperaise above 200 °C than that of, H
while the strong CO binding below 200 °C led tooavdr peak temperature risep; H

assisted the low-temperature CO oxidation.

7.1.2 NQ, Storage and Reduction over the PtCe Catalyst
The NQ, storage experiments over a model Pt/ge®Il,O; lean NQ trap
catalyst revealed that the catalyst storage cgpatibtngly depended on the composition

of the fed NQ mixtures. The NO storage was a Pt-catalyzed prodeswing surface
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nitrosyl and nitrates in the vicinity of Pt. The Pl€torage could proceed over the catalyst
surface without the Pt participation. The @ddition to the NO feed enhanced the NO
storage by in situ NOformation. The @ addition to the N@ feed competed for the
catalyst storage sites, lowering the \&brage capacity.

The H-TPR experiments showed that the first step of Ni@& reduction over
Pt/ceria was the Pt surface purging. The reduatioadsorbed oxygen occurred prior to
the NQ, reduction over ceria.

The optimal NQ storage and reduction over the PtCe catalyst cedwat 250 °C

when both NO and Dwere fed.

7.1.3 The Behavioral Features of NOQReduction over the Dual-layer Catalyst

The NQ storage and reduction over monolith-supported -thyadr catalysts
consisting of a layer of a metal-exchanged (Fe, Z&wjite (ZSM-5) selective catalytic
reduction (SCR) catalyst deposited on top of a WBBRO/CeQ lean NQ trap (LNT)
catalyst revealed several important features.

» The SCR catalyst led to high,Nelectivity and low NHl selectivity over the
temperature range of 150 to 300 °C. Thes;Njdnerated over the bottom LNT
layer was captured by the top SCR layer and usetthéoN\, generation.

* The higher low-temperature SCR activity and J\dtorage capacity of the Cu-
exchanged ZSM-5 than the Fe-exchanged ZSM-5 resuitea higher NQ

conversion and Nselectivity of the CuZ-LNT than that of the FeZ-LN
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* The undesired side reactions in the LNT layer, saciNH oxidation to NO at
low temperatures and NGt high temperatures, hurt the deNéerformance of
the dual-layer catalysts.

The performance of dual-layer catalysts can bedumechanging the operating
environment and the catalyst composition. Feedip@ Bnd CQ showed that the dual-
layer catalyst had a higher N@onversion than the LNT catalyst below 300 °C and
higher N\ selectivity over the entire temperature range. atddition of CQ and HO to
the feed can enhance the Nselectivity and minimize the Ny-bxidation in the bottom
LNT layer. Ceria in dual-layer catalysts was anam@nt catalyst design parameter. The
low-temperature NQconversion increased with the ceria loading duéhtoenhanced
NOy storage capacity and regeneration efficiency. @heability of ceria-containing
dual-layer catalysts improved due to a high rescgatowards the hydrothermal aging.
Ceria avoided the mixing of PGM and barium betwdélea LNT and SCR layers.
However, the increase of ceria loading increaseduthdesired NEloxidation at high

temperatures.

7.1.4 Lean NQ Reduction by H, and CO

The NQ reduction over a ceria-free LNT catalyst revedlet the CO reductant
was detrimental to the low-temperature ,N@duction. The cycle-averaged NO
conversion decreased with an increase in the @@détio due to the CO poisoning,
especially below 250 °C. The low-temperature \N®duction can be increased by

changing the catalyst composition. The use of aii/S€R dual-layer catalyst improved
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the low-temperature NQOconversion by adding a SCR pathway, while the tamdiof
Ce(Q to the LNT catalyst mitigated the CO poison. Hoermthe ceria-rich dual-layer
catalyst decreased the high-temperature reductoreversion of NQ due to the
promotion of the undesired NHbxidation to NQ. Zoning with a ceria-free front zone
and a ceria-rich back zone led to a beneficialration of the ceria and HHigh NGO,
conversion was obtained during the entire tempegatinge.

Dual-layer catalysts with the aged LNT as the buottayer demonstrated that the
PGM loading can be reduced. The performance ofitiad-layer catalyst with the bottom
aged LNT layer can be improved by increasing th& $&talyst loading and optimizing
the lean-to-rich cycle. A high SCR loading led tohmh NO, conversion at low
temperatures, but had little impact on the highgerature performance. The increase in
the rich feed duration with the corresponding daseein the reductant concentration
enhanced the NHproduction by the bottom LNT layer and thus incsexhthe NQ
conversion. The decrease of the total cycle timgraved the utilization efficiency of the
fast sites for NQ storage and N generation, increasing the N@onversion. The
highest NQ conversion using a dual-layer catalyst with agfi6® aged LNT loading and

a 2.0 g/ift SCR loading was obtained with a 30s:5s lean-njatecfor all CO/H ratios.

7.2 Recommendations for Future Work

The previous study shows the important role ofsNHHNO, reduction over the
dual-layer catalyst. To enhance the N®&duction efficiency of dual-layer catalysts, the

LNT catalyst should have a high NHyeneration ability. This can be realized by
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modifying the catalyst compositions. For exampleMT catalyst with low PGM
dispersion is a better NHyenerator than the one with high PGM dispersidre €eria
loading of the LNT catalyst should be optimizedirtgprove the NQ storage and N
production below 250 °C and avoid Blidxidation to N or NG, above 250 °C. Low-
temperature SCR catalysts should be used to imghm/dlH; utilization efficiency. One
of the bottlenecks for the current dual-layer gatlis the low SCR activity at low
temperatures. This problem can be solved by chgngie zeolitic supports and
exchanged metals. Cu/SSZ-13 and Cu/SAPO-34 haver bletw-temperature SCR
activity and thermal stability than Cu/ZSM-5. Alddn is a better low-temperature SCR
catalyst than Cu. Since the LNT catalyst contairgrgessive PGM is needed to meet the
low-temperature NQreduction requirements, the use of active low-terafure SCR
catalysts can diminish the N@eduction burden on LNT catalyst, leading to auctidn

in both PGM and LNT loadings. The system cost mayldwered by using a higher
loading of SCR catalyst and a lower loading of Ld&alyst.

A proper arrangement of LNT and SCR catalysts magrease the NO
conversion and reduce the metal loadings. Thisiregja comprehensive understandings
and appropriate comparisons of LNT/SCR dual-lagerti-layer, dual-brick, multi-brick
and mixture catalysts. Each configuration has athgas and disadvantages. For example,
an LNT-bottom SCR-top dual-layer catalyst can mazérihe NH storage, but enhance
the NH; oxidation at high temperatures. The LNT-front SB&tk dual-brick catalyst can
minimize the undesired Ny-bxidation, but the back SCR brick has little cdnition to

NOx conversion at high temperatures. A carefully destg LNT/SCR catalyst
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configuration can take full advantage of its sttesgand minimize its weaknesses. One
example is the use of dual-zoned dual-layer catatythis study.

Besides Hand CO, the use of hydrocarbon reductants shaukstudlied for NQ
reduction. The feed during catalyst regeneratioty malude hydrocarbon reductants,
ranging from GHe, aromatics to even partially oxidized diesel. histscenario, the
catalyst performance could be jeopardized by thssipte carbon cake fouling and CO
inhibition. This may require the adjustments in ttaalyst composition and operating
strategy. For example, a fuel reformer may be plaoefront of dual-layer catalyst to
convert the hydrocarbons tg Hnd CO.

SO positioning and the thermal stability of dual-lagatalyst should be studied.
PGM-containing LNT catalysts are very vulnerableéstg, that strongly adsorbs onto the
surface of PGM, barium and alumina, sharply deangasheir surface areas and
reactivities. SQalso poisons the active metals, such as Fe anth@oe SCR catalysts.
Hence, the periodic regeneration of stored 8Chigh temperatures would be necessary
to maintain the dual-layer catalyst function. TH®&, $egeneration is usually carried out at
600-700 °C, resulting in a strong sintering of P@Hkfticles and the collapse of SCR
zeolitic structures. This sintering hurts the diagler catalyst performance. The catalyst
composition should be optimized to minimize the awipof SQ poison and high-
temperature aging. For example, the use of thea-@igonia solid solutions as the
supporter may mitigate the $@oisoning of the PGM and stabilize the PGM pagicht

high temperatures.
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Modeling of dual-layer catalyst needs to incorpertite existing understandings
about dual-layer catalysts and guide future devety efforts. For example, modeling
of NOy reduction chemistry and transport process ovel-ldyar catalyst may help to
reduce the diffusion limitations, and of the amoaohtcatalysts loaded and the system
cost. A scale-up of dual-layer catalytic systenmfrthe micro reactor scale to the full-

size diesel utilities will also benefit from the deding efforts.
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