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Abstract

The performance of EmeraChem Lean NOy Trap (LNT) catalysts with company
proprietary washcoat formulation has been investigated using a bench-flow reactor
(BFR). The washcoat composition consists of Pt, the precious metal component (PM),
and two NOy storage media of Ba and K, supported on y-Al,O3; washcoat.

A series of isothermal absorption experiments was carried out at different
temperatures and gas hourly space velocities (GHSVs) in order to investigate the effect of
temperature and GHSV on the nitrogen oxides (NOy) trapping capacity of EmeraChem
LNT catalysts. The NOy storage capacity exhibits a “volcano-type” dependence on the
temperature, with a maximum storage capacity of catalyst occurring at 350°C. On the
other hand the NOy storage capacity of the LNT decreases as the GHSV increases.

The effects of lean and rich duration and type of reductants on the regeneration of
the LNT catalyst are investigated at an optimum operating temperature of 350°C and a
gas hourly space velocity of 50,000 hr™'. The experiments are performed for two different
cases. In the first case, the time durations of the lean and rich phases are varied at a fixed
concentration of the reductants: carbon monoxide (CO) and hydrogen (H,). In the second
case, the reductant concentrations — CO and H, — are varied at constant time duration of
the lean and the rich phases. For the first case, a lean/rich cycle of 100s lean and 5s rich is
found to be optimum since this cycle would offer the highest NOy conversion as well as
the best fuel efficiency in regenerating the LNT catalysts. For the second case, H, is a

slightly better reductant in reducing NOy than CO.
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Two separate direct fuel injection (DFI) experiments are carried out: DFI with and
without O; in the simulated exhaust gases. The results from DFI without O, show that the
amount of NOy slip and NOy excursion decreases and reaches a steady value as the
concentration of the reductant increases. The results from DFI with O, show that the
average NOy conversion decreases significantly in the presence of O in the regeneration
phase. The results suggest that some of the reductant is consumed by directly reacting

with oxygen, and thus less is available to participate in the reduction reactions.
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Chapter 1

INTRODUCTION

Since the Clean Air Act was in effect in the United States in 1970s, many harmful
pollutants such as hydrocarbon (HC), particular matter (PM), carbon monoxide (CO) and
sulfur oxides (SO,) have been reduced considerably from internal combustion engines.
However the amount of nitrogen oxides (NOx) has drastically increased — 20 percent over
last 30 years, and about 25 million tons of NOy are discharged every year into the
atmosphere [1]. NOy plays an important role in the environment. During summer time,
the ground-level ozone (smog) is usually formed when NOy reacts with other chemicals
in the presence of ultra-violet sunlight as shown in Figure 1.1. Ground-level ozone
damages the human respiratory system, sometimes leading to serious diseases such as
lung cancer or asthma. According to Clean the Air [2], more than 141 million Americans
live in areas affected by ground-level ozone, of which 6 million are suffering with asthma
attacks, and every year approximately 150,000 Americans are hospitalized in the Eastern
half of the United States alone. Moreover, NOy emissions also contribute to the formation
of acid rain, which comes from atmospheric NOy reacting with water vapor to form nitric
acid, and its deposition in water and soil can damage aquatic life and forest.

Unburned hydrocarbon (HC), known as one of the Volatile Organic Compounds
(VOC), is another source of smog related to NOy as shown in Figure 1.1. The

hydrocarbon molecule is easily evaporated from incomplete combustion in internal
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Figure 1.1 Formation of ground-level ozone (smog) from NOy [4]

combustion engines and participates in the photochemical reactions with NOx to form
brown smog. In high concentration, HC also causes damages to human respiratory.

The Kyoto Protocol was initiated by the United Nations (UN) in May 2000 in
order to reduce the emissions of greenhouse gases such as hydrocarbon (HC), carbon
dioxide (CO,), nitrous oxide (N,O) and etc. CO,, an inevitable product of combustion
from internal combustion engines, becomes a significant pollutant to be considered. Even
though CO; does not directly impair human life, it traps earth’s heat and causes global
warming as shown in Figure 1.2. Moreover, one third of total CO, emission in the earth’s
atmosphere is absorbed in the world’s oceans, and dissolved CO, can acidify the oceans
rapidly, which threatens the existence of corals, plankton and other marine life essential

to the maritime food chain.
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Oxides of nitrogen are usually formed by high-temperature combustion in excess
of 1100°C, and most internal combustion engines are operated above this temperature to
increase fuel efficiency. N, and O, from air become disassociated with high-temperature
combustion, and N and O are combined to form nitric oxide (NO). Figure 1.3 shows the
emissions sources for nitrogen oxides in the United States [3]. As can be seen in the
figure, more than 50% of NOy emissions are generated by mobile sources, either on-road
or off-road vehicles.

Three-way catalysts (TWCs) have been used by automakers since the 1970s to
reduce emissions of HC, CO and and NOy; however, in order for the TWCs to be

effective the engines have to operate at stoichiometric condition—an air-fuel ratio of
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Figure 1.3 Emissions sources for nitrogen oxides in the United States

14.5:1 for gasoline engines. Unfortunately, in oxygen-rich environments such as those of
lean-burn engines, TWCs are incapable in removing NOy from exhaust gases as can be
seen in Figure 1.4. Due to the fixed air/fuel ratios of three-way technology, De-NOy
technologies for lean-burn engines have been developed in order to maintain higher fuel
efficiencies as well as lower emissions to satisfy the stringent EPA regulations effective
since 1984. At a typical air/fuel ratio of 26:1 in lean-burn engines, the fuel consumption
is drastically decreased to 50% of that used in stoichiometric engines equipped with
TWCs, while lesser amounts of HC, CO and CO, emissions will be produced by the
complete combustion of fuel. Therefore, the reduction of NOy emission in lean-burn
engines is the most important issue to be solved. Three different De-NOy technologies
have been proposed to reduce NOy emissions: Selective Catalytic Reduction (SCR), Lean
NOx Catalyst (LNC) and Lean NOx Trap (LNT).

SCR has been successfully developed and commercialized for stationary heavy-

4
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air-fuel ratio [6]

duty engines and coal fired power plants. In SCR technology ammonia (NHj3), a reducing
agent, is injected into the exhaust stream and reacts with NOx to form N, and H,O

according to the following reactions.

4NO + 4NH3 + 02 — 4N2 + 6H20

2N02 + 4NH3 +02 — 3N2 + 6H20

According to Helden [7], more than 80% of NOy conversion is obtained when the
operating temperatures are between 350 and 400°C with less than 20 ppm of NHj slip.

However, the technology requires precise control of reactor temperature to avoid
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undesirable byproducts such as ammonium sulfate ((NH4)SO4) and bisulfate (NH4sHSO,),
which are significant when the operating temperature is below 200°C. On the other hand,
at temperatures above 450°C NHj is converted back to NOx. Moreover, when the amount
of NHj injected exceeds the amount of NHj required for stoichiometric reaction with
NOy, the excess NHy is emitted into the atmosphere as a significant pollutant. Additional
tight NH,4 storage and delivery system are also another obstacles for SCR to be applied in
light-duty automotive applications.

Lean NOy catalyst (LNC) based on Cu/ZSM-5 has been developed to reduce NOy
under net oxidizing conditions for automotive applications. Continuous injection of
supplemental fuel (HC) in the exhaust stream is required for LNC to maintain the
selective NOy catalytic reduction. Fuel penalty, narrow operating temperature window,
insufficient durability and lower NOy conversion (60%) are still obstacles for LNC
technology to be used in automotive applications [8].

Lean NOy trap (LNT) technology has shown great promise for reducing NOy in
oxygen-rich environments for lean-burn applications because of higher NOy conversion
efficiency and wider operating-temperature window. As shown in Figure 1.5, the
operation of LNTs requires engines to operate at two different air/fuel (A/F) ratios
corresponding to fuel-lean and fuel-rich phases for storing and reducing NOy on the
catalyst surface, respectively. A typical LNT catalyst consists of a cordierite substrate and
v-Al,O3 washcoat impregnated with platinum (Pt) and a NOy storage medium, an
alkali/alkaline earth group such as Ba (barium) or K (potassium). During the fuel-lean

phase, NO is oxidized to NO, on Pt sites which is stored in the form of nitrites and



A0,
High A/F Ratio Stoichiometric A/F
(Store NOy as nitrates) (Reduce NOy to Ny)
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nitrates on the storage sites. During the rich excursions NO; stored in the form of nitrites

or nitrates is released from the storage sites and reduced to Nj.
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Fuel-lean phase: NO P—:» NO, §>2 Ba (NO,), and Ba(NOs),
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HC, H,, CO HC, H,, CO
Fuel-rich phase: Ba (NO;), and Ba(NO;3;), — BaO+NO, —  N;+CO;+H;0

The deactivation of the NOy storage medium by sulfur poisoning is a major
obstacle. Sulfur dioxide (SO;) in the exhaust gases is oxidized to SO; which in turn reacts
with the NOy storage media to form sulfates such as barium sulfate (BaSO,) or potassium
sulfate (KSOy). Since sulfates are more thermally stable than nitrates, the NOy storage
sites are gradually occupied and no longer available for NOy. Consequently, the NOy

conversion decreases with an increase of sulfates on the NOy storage sites. To restore the
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LNT to its original NOx storage capacity the LNT is periodically subject to
desulphurization at high temperatures in excess of 700°C under reducing conditions. The
frequency of desulphurization is dependent on the amount of sulfur in the fuel — the
higher the sulfur level in the fuel the more frequent desulphurization.

In the present study, NOy absorption isotherm experiments are performed to
characterize the NOy storage capacity and breakthrough time as a function of temperature
and gas hourly space velocity (GHSV), from which the optimum operating temperature
of the LNT catalysts can be determined. The NOy desorption isotherm experiments are
also performed to ascertain the mechanisms of NOy desorption process. The NOy
desorption is carried out by shutting off NOy and O, from the simulated exhaust gases,
once the LNT catalyst is fully saturated. The understanding of the NOy desorption
mechanisms is further aided by determining the ratio of NO to NO; from the absorption
isotherms.

Two different regeneration strategies of the LNT catalysts are investigated in the
present investigation. In the first strategy the LNT is generated using the lean/rich
modulation of the simulated exhaust gases, whereas the regeneration of the LNT is
carried by direct fuel injection (DFI) in the second strategy. The purpose of the LNT
regeneration lean/rich modulation is to determine the optimum duration of the rich and
lean pulses and the optimum concentration of reductants that would produce the highest
NOy conversion efficiency at the predetermined optimum operating temperature of the
LNT. Since the fuel efficiency is of primary importance, the optimum rich pulse
employed during the regeneration is the one that results in the highest NOy conversion

efficiency in the shortest duration. Regeneration experiments with lean/rich pulses are

8



performed by varying the time duration of the lean and rich pulses at fixed concentration
of the reductants, 4% CO and 1.33% of H,. The following durations of lean and rich

pulses are used in the present investigation:

e 50sleanand 10 s rich
e 50 slean and 5 srich

e 100 slean and 5 s rich

In the present investigation the optimum time durations of the lean/rich pulses is
defined as the one that results in at least 93% NOy conversion. Once the optimum time
durations of the lean/rich pulses are determined, the regeneration experiments are

performed at four different concentrations of the reductants.

e 4% of CO and 1.33% of H,
e 2% of CO and 0.67% of H,
e 4% of H,

e 4% of CO

Two separate DFI experiments are carried out: direct fuel injection in the absence
and presence of O, in the simulated exhaust gases. These two types of experiments are
used to simulate two different scenarios in which the rich excursions are generated by
manipulating the engine management system (EMS) of the lean-burn engines. In the first

scenario, the rich excursions are produced by running the engines under stoichiometric or



rich conditions for a very short time period. In the second scenario the rich excursions
are generated by injecting the reductants directly into the lean exhaust gases from on-
board supplemental fuel injection system.

To duplicate the first scenario, at the beginning of the rich phase, the flow of O, in
the simulated exhaust gases is shut off and the reductant, either H, or CO, is directly
injected into the gas stream. In the second scenario, the rich excursions are generated by
injecting the reductant directly into the lean exhaust gas stream. In the present
investigation the rich excursions are produced by injecting the reductants, either H, or
CO using a fast-response piezoelectric valve. Both DFI experiments are performed at the
predetermined optimum operating temperature of the LNT and a gas hourly space

velocity of 50,000hr™.

® 2% ~ 4% of CO in the presence O; in an increment of 1%
e 2% ~ 4% of CO in the absence O, in an increment of 1%

® 2% ~ 4% of H; in the presence O, in an increment of 1%

The NOy conversions obtained from DFI with optimum concentration of the
reductant in the presence and absence of O, are then compared with those found with
LNT regeneration using lean/rich cycling. All DFI experiments are performed at the same

GHSV and rich duration used in the LNT regeneration experiment lean/ rich modulation.
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Chapter 2

LITERATURE REVIEW

This chapter is divided into four main sections in which previous studies of LNT
catalysts are reviewed. Section 2.1 discusses the mechanism of NO oxidation on Pt sites
while NOy sorption on Ba sites is reviewed in section 2.2. Sections 2.3 and 2.4 present
the mechanisms of NOy released from the alkaline storage medium and subsequently
reduced to N, from precious metal sites during the rich phase, respectively. Finally,

NOy reduction on Pt sites is reviewed in Section 2.5.

2.1 NO Oxidation

In engine exhaust gases, NOy exists primarily as NO. Since NO; is the sorption
precursor for the LNT trapping materials in the presence of excess O, the performance of
LNT catalyst is strongly dependent on the efficiency of NO oxidation to NO; on precious
metal sites. Several precious metals such as platinum (Pt), palladium (Pd), and rhodium
(Rh), can be used to oxidize NO to NO;. According to Ohusuka et al [35-37], Pt is the
first choice for the oxidation of NO in LNT catalyst since Pd and Rh are less active for
NO oxidation even though they are more active for NO reduction during the fuel-rich
excursion. Experiments with two different LNT formulations, one Pt-based and the other
Pd-based, were conducted by Salasc et al. [38] in which the activity of these two metals

on the NO oxidation was compared. Pt-containing LNT sample shows 20% of NO
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converted to NO,, while at the same identical conditions no NO conversion was observed
with Pd-containing LNT sample.

The prediction of the NO oxidation kinetics over the LNT catalyst sample is not
an easy task due to the presence of the NOy trapping component (BaO). The site of
barium oxide can store NO, oxidized from Pt as barium nitrate compound (Ba(NOs3),),
and the equilibrium of the NO oxidation over Pt can be shifted by NO, adsorption on the
storage component as shown in Figure 2.1.

Thermodynamic equilibrium of NO and NO, as a function of temperature and O,
concentration is shown in Figure 2.2. As seen in the figure, NO; is the dominant species
when the temperature is below 200°C. As the temperature increases equilibrium dictates
lower NO; concentrations. Furthermore, increasing O, concentration leads to higher NO,
concentration at equilibrium.

Epling et al. [34] measured the oxidation of NO to NO, over a Pt/y-Al,O; catalyst
as a function of temperature and space velocity. The results shown in Figure 2.3 indicate
that at temperatures below 200°C the oxidation of NO is kinetics-limited. At a gas hourly
space velocity (GHSV) of 10,000 hr', the maximum conversion reaches 57% at 310 °C
while the maximum reaches 47% at 362 °C at a GHSV of 25,000 hr'!. The NO conversion
is higher at the lower GHSV due to longer resident time. Since the resident time is
inversely proportional to GHSV, and thus longer resident time allows more NO
molecules to be oxidized at Pt sites. Above these two maximum temperatures, the NO
oxidation is limited by the thermodynamic equilibrium, whereas the conversion is
kinetically limited below these two temperatures. Castoldi et al. [11,18,25] conducted

several experiments with LNT catalysts having different Ba loadings (from 0-30% wt.) in
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the NOy adsorption-reduction under realistic operating conditions. The role of Pt seems
not only to oxidize NO to NO,, but also to provide sites for both NO or NO, adsorption
and O, dissociation close to BaO sites for nitrate formation. Two kinds of Pt sites seem to
operate; sites close to BaO crystallites are active in barium nitrate formation while other

sites are responsible for NO, formation.

NO + 1/20, — NO», : Oxidation at Pt sites

2NO;, + BaO + 1/2 O, — Ba(NOs), : Storage at Ba sites

2.2 NOy Sorption
2.2.1 Role of NO; in the NOy Trapping Process

There seems to be a consensus in LNT literature that NO, is a precursor for the
trapping process by alkaline-earth components. Cant et al. [21, 39, 40] performed NOx
trapping experiment on BaO/y-Al,O;3 catalyst sample with either NO or NO, at the inlet
in the presence of O,. When NO was introduced into the sample, NO;, was not observed
at the surface since the sample did not contain any Pt site to oxidize NO to NO,.
However, when NO, was introduced most of NO, was successfully absorbed and stored
as barium nitrate species as shown in Figure 2.3.

A temperature-programmed absorption with Pt/BaO/y-Al,Os; sample was
conducted by Salasc et al. [38] to investigate the possibility that NO absorption process
could occur under oxygen-free environment; however the result suggested that only a few
percent of NO were adsorbed. This minor adsorption was likely occurred due to the

residual surface oxygen participating in the oxidation reaction of the pretreatment
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condition, and thus the adsorption of NO by the storage medium is impossible in the

absence of O,.

The results shown in Figure 2.4 were obtained by Epling et al. [34] for LNT
catalysts exposed to simulated exhaust gases of 250 ppm of NO or NO,, 8% of H,O, 8%
of CO,, O, at 0 and 8%, and the balance in N,. In the presence of O, when NO is

introduced, the catalyst absorbs NOy completely in the first 64 seconds. On the other

hand, without O,, the NOx slip of NO, inlet concentration is extended to 220 seconds.
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Amount of NOy stored with NO, inlet concentration is greater than with NO and O at the

inlet, and consequently NO, does play an important role in trapping NOy regardless of

presence of O,. Furthermore, the integral nature of LNT catalyst suggests that more Pt

sites at the front of the catalyst participate in trapping NO,, whereas less Pt sites

participate in trapping NO, when NO is introduced to be oxidized at the front of the

catalyst.

2.2.2 Effects of Gas Composition and Temperature
The presence of CO,, H,O, and O, are always present in typical engine exhaust

gases. The effect of CO,, H,O, and O, on the performance of LNT catalyst has been
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extensively investigated in previous studies. Epling et al. [34] emphasized that the most
important factor in determining the performance of LNT catalysts is the availability of
the storage compound, BaO at the beginning of NOy trapping process. Lietti et al [16, 17]
found BaO, Ba(OH),, and BaCOs initially coexist at the surface of LNT catalysts, and
NOy storage occurs first on BaO, then barium hydroxyl (Ba(OH),), and finally barium
carbonate (BaCOs). The absorption of NOyx on the storage compounds can not be
observed directly, however the order of absorption on the storage compounds can be
inferred based on the evolution of H,O and CO, during the regeneration period as shown
in Figure 2.5. Prior to the experiment described by panel I, the catalyst was calcined in
dry air in order to eliminate any Ba(OH),, but to retain only BaCOj; in the sample. Under
this condition the evolution of CO, and NOy is observed at the same time at 50 s in panel
I. The experiment depicted by panel II began after the LNT sample was fully regenerated
with 2000ppm of H,. NOx slip begins at a much later time of 250 s, which indicates an
enhance in NOy storage. The evolution of CO; is still evident, however the amount is
much less than that in panel 1. This result suggests that CO, in BaCOs is still seconds,
Furthermore, the evolution of H,O is observed prior to the NOx slip and the evolution of
CO,. These results confirm the order of storage compound decomposed in the following
order: first, oxide in BaO is displaced by NOy to form barium nitrites or nitrates, then
hydroxides in Ba(OH), with H,O evolution, and finally carbonates in BaCO3; with CO;
evolution. The experiment depicted in panel III was obtained using the same reductant
with the same concentration in the regeneration as in panel I. NOy slip occurs at 300 s
with less CO; evolution, and the catalyst is capturing larger amount of NOy than in panels

I and II. The results confirm that the overall NOy trapping capacity was recovered after
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all carbonate species were removed by the regeneration. It is obvious that the presence of
H,0O and CO; in the gas phase have negative effects on NOy trapping ability of the LNT
catalysts and some of the literature confirmed. The presence of CO, in lean and rich
conditions decreases the trapping capacity of LNT by 45% at 250°C [13,16,21,40-42].
Toops et al. [40,41] performed a chemisorption experiment with the LNT
catalyst; the author injected 5% H,O at 300°C into the LNT catalyst and the trapping
capacity of LNT was decreased by 16% and reduced the overall performance across a
wider operating temperature range. Moreover, Toops et al. [50] found that H,O reduced
the negative impact of CO, on NOy trapping. H,O in gas phase replaces carbonate species
in BaCOj to form Ba(OH); and it can be decomposed to Ba(NO3), by NOy much easier

than BaCOs.

BaCO; + H,O — Ba(OH), +CO;,

As seen in Figure 2.3, NOy conversion of typical Pt/Ba/y-Al,Oj; catalysts (LNT)
is a function of temperature, and the maximum conversion usually occurs between 350
and 380°C [14,16,41,43-47]. The oxidation of NO is an important limiting factor for the
overall NOy trapping process, in which the kinetic limitations always impose on NO

oxidation at lower temperatures and equilibrium at high temperatures.

2.2.3 Cycling Fuel Lean and Rich Conditions
Realistic operation condition of LNT catalysts requires periodic rich excursions to

regenerate when the catalysts are fully saturated. During the fuel-rich phase, the catalyst
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surface may retain some nitrite or nitrate species depending on the efficiency of the LNT
catalyst. According to Epling et al. [34], the retained nitrite or nitrate species are
continually accumulated after subsequent cycles, and the trapping efficiency of LNT
catalysts decreases up to a steady-state level where the rate of desorption is equal the rate
of absorption; this subject will be further discussed in section 2.4. After the trapping
efficiency reaches the steady-state value, the measured amount of NOy trapped on surface
is less than the total NOy capacity of the catalyst. The complete regeneration process can
be obtained by using longer rich phase (high-temperature transient) or more reductant
concentration. An example of cycling lean and rich experiment shown in Figure 2.6, was
obtained by Epling et al [43]. NOx slip during the sorption phase was less than 10ppm
before the first NOy excursion, but it keeps on increasing up to 10 cycles and reaches a
steady state value of about 26ppm. The NOy absorption efficiency is not changing due to
the constant furnace temperature, but the amount of NOy trapped during each cycle is
decreasing. Therefore, the decrease in the LNT performance in the cycling experiment is
not only due to the performance of LNT catalyst, but the inefficient regeneration due to

not enough fuel rich time or reductant concentration.

2.2.4 Reaction Pathways for Nitrate Formation

Epling at al [34] suggested that an oxidation state of N in NO, molecule should be
changed from +4 to +5 in order to form a nitrate compound. Several simplified and
combined pathways have been proposed to explain the nitrate formation during the fuel-
lean condition of the LNT catalysts. Due to the significant amount of H,O and CO,

presented in the LNT operation condition, Ba, which is highly reactive in combining with
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2NO,+Ba+0 — Ba(NO3),

N Oxidation State: +4 +5
Ba Oxidation State: +1

v
O Oxidation State: -4 -1 -6

other elements or compounds, would be obtained on the catalyst surface as Ba(OH), and
Ba(NOs),. However, there have been many studies to substitute Ba by other alkali or
alkali-earth metals in order to improve the LNT performance, and the following reactions

proposed from literatures are not applying to only Ba but any alkali or alkali-earth metal.

1. Nitrates are formed from BaO, NO, and O, and subsequent oxidation leads to the

nitrate [14,43,47,48]

BaO + 2NO + O* — Ba(NO,),

Ba(N02)2 + 20* b Ba(NO3)2

2. NO; molecules react with the Ba species precursor and oxygen to form the nitrate

[14,16,21,42-44,47-51].

BaO + 2NO, + O* — Ba(NOs),

3. NO molecules react with Ba species precursor and multiple oxygen atoms to form the
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nitrate [14,44,48,52]

BaO + 2NO, +30* — Ba(NOs),

4. Barium peroxide as an intermediate reacts to form the nitrate [11,15,21,51]

BaO, + 2NO, — Ba(NO;),

5. An N,O4 dimer forms and reacts with the surface to form a mixture of nitrates and

nitrates. The nitrite are subsequently oxidized to nitrates [16,53].

2NO; — Ny,Oy
2Ba0 + N,O4 +2NO, — Ba(N02)2 +Ba(NO3)2

Ba(N02)2 +20* —» Ba(N03)2

6. A mixture of nitrites and nitrates are formed from NO, and oxygen. Again the nitrites

are subsequently oxidized to nitrates [48,52,54].

2Ba0 + 4NO,; — Ba(NO,), + Ba(NO3),,

Ba(N02)2 + 20* — Ba(NO3)2

All six equilibrium reactions are reversible when the fuel-rich phase is introduced into the

surface. Equilibrium reactions are easily affected by the concentration of NO,, since more
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NO; supplied during lean phase increase the reaction rate to form nitrate compounds.
Several FTIR studies [40,55,56] have been undertaken to find evidences for the pathway
of nitrate formation. Certainly, it is very difficult to determine the exact pathway of the
nitrate formation just by looking at the amount of compounds obtained from FTIR.
However, all of FTIR studies confirm the presence of nitrite and nitrate mixtures on the
sample surface only during the lean phase. Thus, a reaction to form nitrite species should
be proposed in the pathway such as those pathways denoted by 1, 5, and 6. These
pathways suggested that nitrite compounds are subsequently oxidized with oxygen atoms
captured at Pt sites to form nitrates. The ratio of nitrites to nitrates would increase until
the reaction equilibriums are established among nitrites, nitrates, and oxygen atoms.
According to Epling et al [34], the pathway number 6 is generally considered to be the
mechanism of NOy trapping because it is consistent with experimental data of LNT
catalysts at temperatures lower than the optimum operating temperature (350 to 380°C).
However, at higher temperature, the pathway number 6 is in doubt, due to the thermal
stability of nitrite compounds. The nitrite compound starts to be decomposed around 270

°C, above which the compound would not exist.

2.3 Reductant Delivery and Evolution

In a typical operation condition LNT catalysts periodically requires to regenerate
the surface occupied by nitrite and nitrate compounds when the catalyst are fully
saturated. The regeneration of the catalyst surface is accomplished by subjecting the

catalyst periodically to fuel-rich excursions, which consist of unburned hydrocarbons
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(HC), carbon monoxide (CO), and hydrogen (H,). These reductants can be obtained by

the combustion of fuel in an oxygen-deficiency environment.

2.3.1 Amount of Reductant
Epling et al [34] proposed that a sufficient amount of reductant must be injected

into the main gas stream in order to accomplish the followings:

e creating a net reducing environment by consuming O in the gas phase and,
in most cases, O, stored on the catalyst:
e releasing stored NOx

e subsequently reducing NOy to No.

During the regeneration period, the reductant reacts with O, trapped on Pt sites, and the
exothermic oxidation reaction is one of the NOy release mechanisms; i.e., thermal release,
which will be further discussed in Section 2.4. The remaining reductant then reacts with
gas-phase NOy reducing it to N. If only an insufficient amount of reductant remains after
the oxidation reaction on the surface, the reduction rate of NOy in gas phase will
decrease. Therefore, after the oxidation reaction, the fuel penalty would be an issue when
O, still presents on the surface. The overall performance of the catalyst during the
regeneration can be affected by the oxygen-storage capacity (OSC), which influences the
amount of reductant necessary to complete the oxidation and reduction. The greater the

catalyst’s OSC, the larger the amount of reductant required for sufficient regeneration.
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2.3.2 Significance of Reductant Evolution Over The LNT Catalysts

According to Narula et al. [45,57], H; is the most effective reductant to reduce
NOx and regenerate the catalyst surface, while CO and propylene are not effective as
reductants. CO reacts with NO, selective to N,, and H, known to be the best reductant is

produced by the water-gas-shift (WGS) reaction in which CO plays an important role.

2CO + 2NO — N; + 2CO; : NOy reduction by CO

CO +H,0O — CO, + H, : Water-gas-shift reaction

Farrauto et al [59,60] studied the WGS reaction on precious metals, which are the major
component of the Three-way Catalytic Converters (TWCs). Since the LNT catalysts also
contain precious metals, it is expected that the WGS reaction also occurs. The forward
WGS was studied by Li et al [61-63] over Pt/Ba/y-Al,O; samples as well as the reverse
WGS reaction [16,64]. Three commercial-available LNT catalysts were used to find the
evidence of the forward reaction in experiments performed by Li et al [61]. The authors
calculated the theoretical amount of H, evolved from the forward WGS reaction in the
main stream before they performed actual experiments. The theoretical concentration of
H, evolved was obtained using the following gas composition - 10% H>0, 10% CO,, and
1.2% CO. Under these conditions the amount of H, evolved was found to be
approximately 1.1%, and a compatible amount of H, was observed from experiments.
Therefore, author concluded that H, was formed via the WGS reaction and their data
indicated that H, was a better reductant for NOy conversion. Theis et al [64] studied the

reverse reaction of the WGS by injecting H, with and without H,O into the main stream
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consisting of N, and CO,. In the presence of H>O a significant amount of CO was

observed, while 64% less CO was observed in the absence of H,O.

2.4 NO, Release

Two primary driving forces of NOy release from the surface were suggested by
Epling et al [34]. Heat generated by the oxidation of the reductant is considered to be the
first driving force, and the oxidation of the reductant is accomplished either by O, in the
gas stream or stored on the surface of the catalyst. When the surface temperature
increases due to the exothermic reaction, the stability of nitrate stored in the storage
component decreases, resulting in NOy released either into the surface or the gas stream.
Evidently, the amount of NOy released would be significant when the catalyst is fully
saturated with NOy at a given temperature or when the temperature excursions due to the
oxidation of reductant are large. Harold et al [65] measured the temperature excursion at
the middle LNT powder sample during fuel-rich condition, and they observed a 150°C
temperature rise due to the oxidation reactions.

The second driving force of NOy release suggested by Epling et al [34] is that the
consumption of O, stored on the surface from the oxidation reaction reduces the amount
of nitrite or nitrate species stored at the equilibrium. As discussed previously in the NOy
Sorption Section, the storage process is partially controlled by the chemical equilibrium
at a given temperature. The equilibrium stability of nitrate species is dramatically reduced

under conditions with low or zero partial pressures of O,.
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2.4.1 Effect of Temperature

The pathways of NOy release have been extensively investigated, however the
effects of operation parameters on the NOy release has not been clarified since the
inconsistent techniques were adapted to NOy release experiments. For instance, the NOy
release peak obtained by Fridell et al [44] was measured in the order of increasing
furnace temperature after a NOy storage/reduction cycle, but Nove et al [17,46] measured
in the order of decreasing furnace temperature even though propylene was chosen to be
the major reductant in both. Moreover the different amounts of NOy were stored during
the fuel lean period in each experiment.

However, Epling et al [34] suggested two different ways to interpret the effects of
temperature on the NOy release. The amount of NOy release is depending on the material
property of the catalyst to trigger the activity of the reductant at lower temperatures
where the overall reaction is limited by the chemical kinetic. From this low temperature
range, less amount of NOy release and more reduction of NOy should be observed as the
temperature increases. At higher temperatures, where reductant activation is not an issue,
more amount of NOj release should be obtained due to less stability of the nitrate species.
Therefore, most of literatures performed experimental observations on NOy release and
the stability of the nitrate species, agree that the amount of NOy released increase with
temperature, and once the temperatures are higher than 400°C, the significant amount of
NOxy release is observed. Therefore, to minimize the NOy release at higher operating
temperature, the authors concluded three different methods can be utilized; reduce the
rate of nitrate decomposition, increase the nitrate stability, or delivering efficient

reductants more quickly to match the speed of NOy release.

28



2.4.2 Effect of Gas Composition

The amount and type of reductant in exhaust gas composition is an important
factor to affect the rate of NOy release during the rich period. Balcon et al [66] performed
NOx release experiments by using a rapid transition from a NOy, O,, and helium (He)
mixture to just He, as shown in Figure 2.7. The authors convinced that NOy release can
occur without a reductant present and without temperature increase, since there was no
heat evolved from the transition to inert conditions. Since there were only NOy, O,, and
He introduced to the gas stream, the NOy release was occurred by a change in equilibrium
either from O, or NOy concentration decreases and may be related to decomposition of
the less stable nitrite species or release from the y-Al,Os support [67]. The result of NOy
release experiments performed by Amberntsson et al [68] indicated that O, had a
suppressive effect on NOy release. Approximately 75% of the NOj stored at 450°C was
released in a mixture of 5% CO; balanced with Ar while 47% of the NOy stored was
released in a mixture of 10% O,/ 5% CO, balanced with Ar. Furthermore, both NO and
NO, releases were presented, but the release of NO was significantly more influenced
than was that of NO, by the presence of O,. This result suggested that the same amount
of NOy was released in both cases, but most of NO, species released from the surface
could be recaptured regardless of the presence of oxygen. NO released from surface
should be oxidized NO, with oxygen to be recapture, and the amount of NO recaptured
will be significantly less in the absence of O,. The authors also suggested that the
presence of oxygen atoms on Pt sites might cause a decreased amount of NO release
because the partial pressure of oxygen presented was affecting the equilibrium amount of

nitrite and nitrate species. Liu et al [69] observed that the removal of O, broke the
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Figure 2.7. NOy release from a Pt/Rh/Ba/y-Al,O5 catalyst perform at 550°C. The

experiment at the panel (a) was performed with two different steps, which was
labeled (1) and (2) respectively. NOy balanced with He was initially exposed
on the catalyst, then the gas composition was switched to pure He, and the
NOx release after catalyst was measured (1). After the measurement, 10% CO;
balanced with He was introduced to catalyst (2). The NOx release of the panel
(b) was obtained from one step experiment. NOx balanced with He was
initially introduced, and the gas composition was continually switched to 10%
CO; balanced with He (3). The plot labeled (1+2) is the sum of plots (1) and
(2) from the left panel.

equilibrium of the nitrate species and destabilized nitrite species to induce NO release.

Ba(NO,), + 20* < Ba(NOs),

BaO + 2NO + O* < Ba(NO,),
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2.5 NOy Reduction
A number of NOy reduction mechanisms in the regeneration phase of the LNTs

have been proposed. Burch et al [70,71] using propylene (CsHg) as the reductant,
suggested that NOy reduction occurs on the unoccupied Pt sites; and this mechanism is
also valid for other reductants such as H, and CO. To initiate the reduction mechanism
atomic oxygen (O) from Pt-O sites absorbed during the lean phase has to be replaced
either by the reductant or reductant radicals. Therefore, the reduction of NO to N, begins
with the reductant radicals generated from the active Pt sites. An example of such a
mechanism — the Mars-van Krevelen type — has been proposed for the NOy reduction in

the LNT catalysts [11].

C3H6(g) +Pt— Pt— C3H6

Pt — CsHg + 2Pt —» 3 Pt — CH»

Pt — CH, + 3Pt — O — 4Pt + COx(g) +H,0(g)

Finally, the reduction of NOy to N, occurs as a result of the reaction between the

absorbed reductant radical and NO.

Pt— CH, + 3Pt — NO — 4Pt + COx(g) + H,O(g) + 1.5N,(g)
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Chapter 3

EXPERIMENTAL APPARATUS AND PROCEDURE

In this chapter, the experimental apparatus and the testing procedure are described
in details. Section 3.1 presents the over-all description of the bench-flow reactor. A
detailed description of the LNT system, which consists of the LNT reactor, LNT catalyst
samples, and fuel injection system (FIS) for LNT regeneration, is given in Section 3.2,
whereas Section 3.3 provides the full description of the BFR components. Sections 3.4
and 3.5 describe the Horiba analyzer bench and emission analyzers. The data acquisition

system is presented in Section 3.6, and finally the experimental procedure in Section 3.7.

3.1 Overall Description of the Bench Flow Reactor

An overall schematic and a photograph of the bench flow reactor system (BFRS)
are shown in Figures 3.1 and 3.2, respectively. The BFRS consists of a Reverse Flow
Oxidation Catalyst Reactor (RFOCR) and a LNT reactor. The two reactors, as seen in
Figures 3.1 and 3.2, share the same components such as the instrumentation cabinet,
peristaltic pump, and steam generator, which are located in upstream of the reactor
branching valves. Since each particular reactor experiment must be run independently, a
valve system is devised to direct the gas flow only to the reactor that is being in
operation. Due to the high operating temperature range (140 — 350°C) of the simulated
exhaust gases in upstream of the reactors, three Swagelok high temperature bellow valves
(SS-4BW) with maximum operating temperature of 450°C are employed for branching

the flow.
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Simulated exhaust gas consisting of research-grade Air, CO, Hj, O, Nj, NOx,
and CO, with a composition similar to the exhaust gases from lean-burn natural gas
engines, is introduced into the system by means of mass flow controllers (MFCs).

Water vapor is produced via a peristaltic pump into a steam generator, which is
then introduced into the simulated exhaust gases. However, the removal of the water
vapor from the simulated exhaust gases is necessary prior to the analyzers in order to
prevent erroneous reading from the analyzers. For water removal, the Horiba analyzer
bench is equipped with a water condenser for removing water vapor from the simulated
exhaust gases.

To simulate the fuel lean and rich conditions, three different flow banks are
utilized. The main flow bank, which is always present in the flow through the LNT
reactor, consists of N», CO,, and NOy. The rich bank consists of CO and H, as reductants,
whereas only air is used in the lean bank. During the lean/rich cycling experiments
additional N is provided in the rich bank to compensate for the loss of N, when the lean
bank is shut off. By activating two three-way solenoid valves S1 and S2, the lean and rich
cycle of any desired duration can be achieved. Either lean (air) or rich (H, and CO) flow
stream is sent to the main stream (NOy) and the remaining flow stream is directed to the
vent. The gas flows from S1 and S2 are sent to one flow manifold, which is controlled by
a solenoid valve S4. From the solenoid valve S4 the gas flow is sent either to the inlet of
the BFRS or directly to the exhaust gas analyzers (BFR system bypass). By using
solenoid valve S3, both N, and CO, are either sent to the steam generator as carrier gases
for sweeping out water vapor from the water generator or to the to the gas analyzer via
BFR system bypass line.
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The exhaust gas mixture is analyzed by the Horiba analyzer bench, which is
capable of measuring concentrations of CO, CO,, THC, NO, and NOy. National
Instruments hardware and LabVIEW 6.1 are used to acquire data during the experimental
runs. The hardware components of the data acquisition system consist of a shielded rack
mounted terminal block (TC-2095), shielded rack mounted BNC adapter chassis (BNC-

2090), and a 4-slot chassis (NI SCXI-1000).

3.2 Lean NOy Trap System

The Lean NOyx Trap (LNT) system consists of a LNT catalyst sample, quartz-tube
reactor with stainless steel end fittings, Lindbergh MiniMite reactor furnace, and Direct
Fuel Injection (DFT) system as shown in Figure 3.3. All components are connected by

stainless steel tubing and are heated by heating tapes.

3.2.1 Catalyst and Reactor

Monolith LNT catalyst samples with proprietary washcoat formulation are
obtained from EmeraChem. The catalyst samples, cored from a “pilot plant” not a
“production process” LNT monolith, consist of a ceramic substrate with Pt and BaO and
K,O supported on a y-Al,O; washcoat. According to the information provided from
EmeraChem, Pt is highly loaded with a lager amount of K,0 present in the washcoat than
BaO. The detailed description of the EmeraChem LNT washcoat formulation has been
registered with U.S. patent 5599758 [71]. A photograph of a LNT catalyst sample is

shown in Figure 3.4. A LNT sample of 7.6 cm long and 2.2 cm outside diameter with a
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Figure 3.3 Photograph of LNT reactor

Cordierite Substrate

BaO and K,O supported on y-Al,O;
Cell Density: 46.50 cells/cm’
Dimensions: 7.6 cm long and

2.2 cm in diameter

Figure 3.4 Physical dimensions of LNT catalyst sample
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cell density of 46.50 cells/cm® (300 cells/in®), is placed in the downstream section of the
quartz tube which has an inside diameter of 2.2 cm and an outside diameter of 2.54 cm.
The inlet side of the quart tube is filled with Smm Pyrex beads in order to increase
heating surface area for the incoming gases through the reactor as well as to promote
mixing of the gases. To eliminate gas bypass around its edges, the catalyst sample is
wrapped in FiberFLEX™ glass wool and inserted in the quartz tube. Two type K
thermocouples with a diameter of 0.16 cm are used to measure the inlet and the outlet gas
temperatures, whereas a third thermocouple of smaller diameter of 0.08 cm is used to
measure the temperature at the middle of the catalyst. Shown in Figure 3.3 are two
thermocouples placed approximately 5.0 mm from the catalyst entrance and exit. For
isothermal operation the LNT reactor is placed inside a Lindberg MiniMite tube furnace,
Model TF55035A-1 with a maximum operating temperature of 1100°C. To prevent water
vapor condensation in the line prior to the Horiba analyzer bench, the tubing from exit is

heated with Omegalux heating tape.

3.2.2 Reactor End Fittings

The present fittings, shown in Figure 3.5, were the modification of the original
fittings which experienced serious exhaust mixture leakage at both ends of the quartz
tube reactor. The original design of the end fittings was similar to the present set-up, in
which Viton O-rings were used to seal the reactor instead of the graphite ferrules.
Consequently, the O-rings would degrade and fail over time at high operation
temperatures. This failure would cause leaks at the reactor end fittings resulting in errors

in the emission data. This component failure was resolved by redesigning the reactor end

37



Reactor End Fitting

Figure 3.5 Reactor end fittings

fittings. While the basic design is very similar, by using graphite ferrules to seal the
reactor allows the LNT system to operate at high temperatures without leakage. Also, by
carefully removing the end fittings, the damage of the graphite ferrules can be prevented,

and thus they can be reused.

3.2.3 Direct Fuel Injection System

Direct Fuel Injection (DFI) system is added to the LNT system in order to
compare two different methods of LNT regeneration. In DFI the LNT is generated by
injecting either H, or CO directly to the simulated exhaust gases, which is in contrast
with LNT regeneration with cycling lean and rich conditions in the main stream. As

shown in Figure 3.6, the DFI system has four major components: a pressure regulator
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Figure 3.6 Components of direct fuel injection system

with pressure gage, a piezoelectric valve, an amplifier, and a rotameter. The fuel delivery
pressure is precisely regulated since the flow rate of fuel through the piezoelectric valve
is strongly dependent on the pressure. A small change in fuel delivery pressure can
induce a large change in the amount of fuel injected. The amplifier is used to step up the
voltage of the output signal from LabVIEW program from 0 to 5V to 0 to 100V for
controlling the piezoelectric valve. The Maxtek MV-112 piezoelectric valve with a
response time of 2 ms is the main component of the DFI system; it regulates the precise
amount of fuel to be injected into the LNT reactor. Flow range of the valve is 0 to 0.5
L/min (LPM) at standard pressure, but it can be increased by operating at higher

pressures (max 4.46 bar or 64.7 psia). A Dwyer rotameter with a range between 0 and
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4.717 LPM is used to measure the fuel flow rate from the piezoelectric valve in the DFI

system.

3.3 Components of Bench Flow Reactor
3.3.1 Instrument Panel

The instrument panel, shown in Figure 3.7, houses four major components of the
Bench Flow Reactor System: mass flow controllers, temperature and pressure displays,
heating tape controllers and data acquisition system. Mass flow controllers (MFCs) are
used to regulate precisely the mass flow rate of the simulated exhaust gas mixture
through the LNT catalyst reactor. The data acquisition system (DAS) interfaces output
signals from the analyzers with LabVIEW for easy data storage. The instrument panel
houses a number of temperature and pressure displays, showing the temperatures and
pressure at specific locations in the BFR system. Two heating tape controllers mounted
on the cabinet are used to maintain constant wall temperature of the stainless steel tubing

between the cabinet and the inlet of the LNT reactor.

3.3.1.1 Mass Flow Controllers

The Mass Flow Controllers (MFCs) are used to regulate the mass flow rate of all
the components of the simulated exhaust gases through the bench flow reactor. As shown
in Figure 3.8, a MFC is used for each of the gas species used such as CO, CO,, NOy, Ha,
Air, and N,. MFCs require a 24 VDC power supply and are controlled by LabVIEW.
Since the MFCs are linear within the intended flow range, by varying the command

signals between 0 and 5 V the flow of all constituents of the simulated exhaust
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gases can be adjusted to any desired flow rate. Since the manufacturer used N, to
calibrate the MFCs, a correction factor, called the K-factor, is employed when other
gaseous species are being used. The operational ranges and the K factor of mass flow

controllers are listed in Table 3.1.

3.3.1.2 Pressure and Temperature Displays

The BFR system includes three Cole Parmer pressure transducers, Model 68072 —
06, and five Omega type-K thermocouples of 0.16 cm in diameter. The outputs of the
pressure transducers and the thermocouples are connected to three Cole Parmer, Model
94785 — 00 pressure displays and five Omega, Model DP 18-KC1 temperature displays,
respectively. All the displays are housed in the instrumentation cabinet. The temperatures
of the heating tapes are displayed by an Omega, Model MDP — 18 single temperature
scanner. The analog output from the pressure transducer is 4 to 20mA which corresponds
to a pressure range of 0 to 4.46 bar (64.7 psia). The temperature displays have a range of
0 — 1250°C. The three pressure transducers are positioned at the inlet and outlet of the
LNT reactor, and the inlet of the steam generator. Two thermocouples are located at the
outlet of the steam generator, steam generator bypass. The remaining three

thermocouples are located at the inlet, middle and exit of the LNT catalyst.

3.3.1.3 Heating Tape Controllers
There are two heating tape controllers (Model — XT16) mounted on the front side
of the cabinet. They are used to control two Omega heavily insulated Samox heating

tapes with a maximum operating temperature of 760°C; one is used to heat up the LNT
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Table 3.1 Operational ranges and K factors of mass flow controllers

Main Flow Volumetric Flow Rate (LPM) K Factor Manufacturer
N, 0-10 1.000 Omega
CO, 0-10 0.737 Omega
NOy 0-5 0.976 Omega
Lean Flow
Air 0-20 1.006 Omega
Rich Flow
CO 0-20 1.000 Tylan
H, 0-5 1.010 Omega
N> 0-5 1.000 Omega
(0)} 0-2 0.992 Tylan

furnace inlet manifold and the other to maintain the steam generator bypass at high

temperature.

3.3.1.4 Manually-Operated Switches
Three manual switches mounted on the front of the cabinet are used to control:
e Analyzer bypass
e Heating tape between steam generator and three-way branching valves

e Heating tape between three-way branching valves and LNT inlet manifold

3.3.2 Peristaltic Pump
To properly simulate an actual engine exhaust mixture, it is necessary to introduce
water vapor into the feed stream. A Harvard syringe pump was initially utilized for water

injection into the steam generator. Due to the relatively small volume of the syringe
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pump, it was impractical to use the device for experimental runs with longer durations,
i.e., 4 hours or more. Consequently, a Masterflex'" peristaltic pump, shown in Figure
3.9, is used to replace the syringe pump. The peristaltic pump with water flow rate varied
between 0.1 and 580 mL/min, allows for continuous water injection due to the pump’s

inlet being placed into a refillable large water reservoir.

3.3.3 Steam Generator

A photograph of the steam generator is shown in Figure 3.10. The steam generator is
used to generate water vapor for the simulated exhaust gases. It is constructed from
stainless steel tubing of 5S1mm in outside diameter and a wall thickness of 3.2mm. Both
the inlet and outlet flanges of the steam generator are sealed with copper gaskets
(44.5mm ID and 9.5mm OD). The flanges are tightened using a torque wrench to ensure
no leakage from the steam generator. To prevent liquid water from accumulating a strip
of FiberFLEX™ is placed horizontally inside the steam generator. Depending on the gas
hourly space velocity (GHSV) the peristaltic pump continuously injects a predetermined
amount of water into the stainless steel steam generator maintained at 200°C. The
generated water vapor is then swept out by a flow of carrier gases consisting of N, and

CO..
3.3.4 Reactor Branching Valves
The BFR consists of three reactors: the LNT reactor, the LNT thermal aging

reactor, and the Reverse Flow Oxidation Catalyst Reactor (RFOCR). All reactors share
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Figure 3.10 Photograph of steam generator
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the same components such as the instrument cabinet, the peristaltic pump, and the steam
generator, which are located in upstream of the reactor branching valves, as shown in
Figure 3.11. Since each reactor must be run independently, a valve system is used to
direct the gas flow only to the reactor that is being in operation. Due to the high operating
temperatures (140 — 350°C) of the simulated exhaust gases in upstream of the three
reactors, three Swagelok high-temperature bellow valves (SS-4BW) with a maximum

operational temperature of 450°C are employed for branching the flow.

3.3.5 Pressure Transducers

Three pressure transducers are positioned in the BFR system to ensure there is no
pressure loss or high backpressure in the system. Cole Parmer pressure transducers are
used in the BFR system, and these are mounted at the steam generator bypass line and
downstream of the LNT reactor. The purpose of positioning a pressure transducer
between the inlet of the steam generator bypass line and the outlet of the LNT reactor is
twofold: to ensure that there is no pressure drop due to leakage of exhaust gases, and to

monitor pressure buildup during the exothermic regeneration of the LNT.

3.4 Horiba Analyzer Bench

The exhaust gases flow into the Horiba analyzer bench are pressurized to 1.06 bar
(15.4 psia) by the sample pump since the Horiba and California NOy analyzers require a
minimum operating pressure of exhaust gases. The pressure of exhaust gases inside the
Horiba bench can be controlled by the manifold pressure knobs located on the front of the

analyzer bench. A water condenser in the cabinet, as shown in Figure 3.11, is used to
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Figure 3.11 Water condenser inside of the Horiba analyzer bench

remove the water vapor from the simulated exhaust gases since all gas analyses are

carried out on a dry gas basis.

3.5 Emission Analyzers

Exhaust emission conversion efficiency is of primary concern for the BFR
system, namely methane (CHy) and nitric oxides (NOy) conversion. This is accomplished
via the Horiba analyzer bench, shown in Figure 3.12, which consists of four analyzers:
CO(Low)/CO;, and CO (High) (AIA-220), Hydrocarbon (FIA-210), and NOy (CLA-220).
Calibration and spanning procedures for each analyzer are strictly followed per protocol

of Horiba Instruments. Prior to each experimental run of the BFR, each analyzer is

47



Figure 3.12 Front panel of Horiba exhaust gas analyzers

spanned for accuracy. Both the span gas and the inert gas (N) are introduced through the
gas divider and to the analyzers at various percentages of the span gas concentration.

Full calibration of the analyzers is performed monthly, as per Horiba instructions.

3.5.1 Horiba NOy Analyzer

The Horiba CLA-220 analyzer uses chemiluminescence to measure the
concentration of nitrogen oxides (NO or NOy). The chemiluminescent emission is based
upon the reaction between ozone and nitric oxide, yielding electronically excited NO;
and O,. The transition from the electronically excited state of NO, to the normal state
produces light, which has the intensity proportional to the mass flow rate of NO, into the

reaction chamber.
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3.5.2 California Analytical Instrument NO, Analyzer

The California Analytical Instrument 400HCLD NOy analyzer is used to measure
the NO concentration from the simulated exhaust gases using the chemiluminescent
method. A built-in internal pump and heated sample line are installed in 400HCLD so
that the analyzer can be operated without the sample pump and water condenser such as

those required by Horiba analyzers.

3.5.3 Horiba CO Analyzer
A non-dispersive infrared absorptiometry method is employed by two Horiba CO
analyzers (AIA-220) to measure both high range CO (0 to 50,000 ppm) and the low range

CO (0 to 500 ppm) concentrations simultaneously.

3.5.4. Horiba CO; Analyzer
Horiba CO, analyzer (AIA-220) employs non-dispersive infrared absorptiometry,

to detect CO; concentration from the simulated exhaust gases.

3.6 Data Acquisition System

The purpose of data acquisition system (DAS) is to provide the integrated
interface between LabVIEW and the components of the BFR system in order to monitor
and store the experimental data. With the aid of LabVIEW software, the DAS allows the
control of the flow rates of all constituent of the exhaust gases via the MFCs, and to save
data obtained from temperature, pressure transducer, and analyzers in real time. The DAS

consists of a Dell personal computer, National Instruments LabVIEW 6.1 software, and
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data acquisition boards. LabVIEW software provides a user friendly feed-back and
control loop for the components of the BFR and facilitates the user to operate the BFR
system and collect data simultaneously. Data acquisition boards mounted in the PC are a
link between LabVIEW and the BFR system. A photograph of the hardware components

of the data acquisition board is shown in Figure 3.13.

3.6.1 Computer
Dell PWS 350 personal computer with 2.8 GHz Intel Pentium 4 processor is

chosen to house both LabVIEW software and data acquisition boards.

3.6.2 LabVIEW 6.1

LabVIEW allows the user to modify and operate the input data; the flow rate of
MFCs, time duration of opening solenoid valves to regulate lean and rich condition, and
time duration of DFI. At the same time, all temperature, pressure, concentration profiles
are stored in LabVIEW database, which can be converted to an Excel file format for the

further data analysis.

3.6.3 Data Acquisition Boards

Data acquisition boards are used to convert analog signals from thermocouples,
pressure transducers, and analyzers, to digital signals in order to save the data in
LabVIEW. The boards also convert the output digital signals from LabVIEW to analog
signals for operating the MFCs, solenoid valves, and DFI. The boards house hardware

components consisting of the following: a shielded rack mounted BNC adapter chassis
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Figure 3.13 Data acquisition system — interface boards

(BNC-2090), PXI-1002, a shielded rack mounted terminal block (TC-2095), and a 4-slot

chassis (NI SCXI-1000).

3.7 Experimental Procedure
3.7.1 Startup Procedure

Every experiment begins with the safety checkup of the exhaust fan and CO
detector in the laboratory. After the initial checkup, the power switches of the BFR
cabinet, desk top computer installed with LabVIEW, gas analyzers, water condenser in
the Horiba analyzer bench, and exhaust fan of the Horiba analyzer bench are turned on.
Oxygen at pressures of 1.91 bar (27.7 psia) and 2.94 bar (42.7 psia) is then introduced to
Horiba and California Analytical Instrument NOy analyzers, respectively; oxygen is used
to generate ozone for NOy detection. Approximately, one hour of warm-up time is
required for the analyzers and the water condenser to be fully operational. Once all the

instruments are warmed up, appropriate gas cylinders are opened and regulated to a
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supply pressure of 2.74 bar (39.7 psia), and the reactor branching valves are used to
divert the gas flow to the LNT reactor. The gas outlet of the LNT reactor is then
connected to the inlet of the Horiba analyzer bench, and the sampling pump is turned on.
Prior to the experiment, the LNT reactor and the gas analyzers are purged with a
flow of N for at least one hour. During the purge, the heat tapes and the LNT furnace are
turned on in order for the LNT reactor to reach steady state operating temperature. The
purpose of the N, flow is two-fold: to preheat the LNT reactor to the desired operating
temperature; and to stabilize the analyzers before the actual run. The gas flow from the
LNT reactor exit is directed to the gas analyzers by selecting the appropriate analyzer
matrix switches, located on the front panel of the Horiba analyzer bench. It is imperative
not to have a large pressure or vacuum across the LNT reactor since a low or high
pressure can cause damage to the quartz tube of the LNT reactor. For the present setup an
optimum operating pressure of 1.08 bar (15.7 psia) is required, and by adjusting the
pressure of the sampling pump inside the analyzer bench the desired pressure can be

achieved.

3.7.2 Composition of Simulated Exhausted Gases

Table 3.2 lists the composition of the lean and rich phases used in the present
investigation. Both the lean and rich phases are used for the absorption isotherm
experiments, however only the lean phase is used in the desorption isotherm experiments
in which the mechanism of NOy desorption process is investigated following the shutting
off of NO and O,. Two different regeneration experiments — lean and rich cycling, and

direct fuel injection — are performed by varying the concentration of two reductants, H,
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Table 3.2. Gas composition of rich and lean phases

Gas Fuel Lean Fuel Rich
NO, ppm 500 500
CO,, % 5 5
CO, ppm 0 40,000
Hy, ppm 0 13,333
02, % 10 0
H,0, % 10 10

and CO in the rich phase. In contrast to lean and rich cycling, the regeneration
experiment by DFI is accomplished by injecting either H, or CO into the fuel-lean

exhaust gases.

3.7.3 Absorption and Desorption Isotherm Experiments

The purpose of the NOy absorption isotherm experiments is to characterize the
NOy storage capacity and breakthrough time as a function of temperature and gas hourly
space velocity (GHSV) from which the optimum operating conditions of the LNT
catalyst can be determined. The absorption isotherm experiments are carried out at
temperatures of 250, 300, 350, 400, and 500°C, and GHSVs of 25,000, 50,000, and
75,000 hr'. At each GHSV, a new LNT catalyst sample is used to minimize the effect of
aging on the catalyst performance. Once the optimum operating temperature of the LNT
catalyst is obtained, two different regeneration experiments are performed at this
temperature. The purpose of the NOy desorption isotherm experiment is to investigate the
NOy desorption process from the LNT catalyst without reductants. The NOy desorption
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occurs by shutting off the flow of NOy and O,, once the LNT catalyst is fully saturated.
From results of two experiments performed at 350 and 500°C, the temperature
dependency of the NO, desorption process at a gas hourly space velocity of 25,000 hr' is
investigated. In addition the NOy desorption process is further investigate by
characterizing the ratio of NO and NO, as a function of temperature at a GHSV of 75,000

hr!.

3.7.4 Regeneration Experiments
3.7.4.1 Regeneration by Cycling Lean and Rich in Main Stream

The purpose of the LNT regeneration by cycling between fuel lean and rich
conditions is to determine the optimum duration of the rich and lean pulses and the
optimum concentration of reductants that would produce the highest NOy conversion
efficiency at the optimum operating temperature of the LNT. Since the fuel efficiency is
of primary important the optimum rich pulse employed during the regeneration is the one
that results in the highest NOy conversion efficiency in the shortest duration.
Regeneration experiments with lean/rich pulses are performed by varying the time
duration of the lean and rich pulses at fixed amount reductants, 4% CO and 1.333% of

H,. The following durations of lean and rich pulses are used in the present investigation:

e 50s lean and 10s rich
e 50s lean and 5s rich

e 100s lean and 5s rich
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The optimum time duration of the lean/rich pulses is defined as the one that
results in at least 93% NOx conversion. Once the optimum time duration is determined,
the regeneration experiments are performed at four different concentrations of the

reductants.

e 4% of CO and 1.33% of H,
e 2% of CO and 0.67% of H,
e 4% of H,

® 4% of CO

3.7.4.2 Regeneration by Direct Fuel Injection

Two separate DFI experiments are carried out: direct fuel injection in the absence
and presence of O, in the simulated exhaust gases. These two types of experiments are
used to simulate two different scenarios in which the rich excursions are generated in the
operation of lean-burn engines. In the first scenario, the rich excursions are produced by
running the engines under stoichiometric or rich conditions for a very short period. In the
second scenario the rich excursions are generated by injecting the reductants directly into
the lean exhaust gases.

To duplicate the first scenario, at the beginning of the rich phase, the flow of O, in
the simulated exhaust gases is shut off and the reductant, either H, or CO, is directly
injected by DFI system into the gas stream. In the second scenario, the rich excursions

are generated by injecting the reductant directly into the lean exhaust gas stream. Both
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experiments are performed at the predetermined optimum operating temperature of the
LNT and a space velocity of 50,000 hr™'.

The second objective is to compare the performance of DFI in the absence of O,
with lean/rich cycling method. The NOy conversions obtained from DFI with optimum
concentration of the reductant in the presence and absence of O, are then compared with
those found with LNT regeneration using lean/rich cycling. All DFI experiments are
performed at the same GHSV and rich duration used in the LNT regeneration experiment

by using lean/rich modulation.

o 2% of CO ~ 4% of CO with O, in an increment of 1%
e 2% of CO ~ 4% of CO without O, in an increment of 1%
o 2% of Hy ~ 4% of H, with O, in an increment of 1%

o 2% of Hy ~ 4% of H, without O, in an increment of 1%
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Chapter 4

RESULTS AND DISCUSSIONS

The results obtained from NOy isothermal absorption experiments are presented in
this chapter in which the effect of temperature and gas hourly space velocity (GHSV) on
the performance of EmeraChem LNT catalysts is investigated. Section 4.1 encompasses
the results obtained from the absorption isotherms such as NOy storage capacity,
breakthrough time and ratio of NO, to NO as a function of temperature and gas hourly
space velocity, while section 4.2 discusses the mechanisms of NOy desorption from the

surface of LNTs as related to the stability of nitrate compounds.

4.1 Absorption and Desorption Experiments
4.1.1 Absorption Isotherm

A series of isothermal absorption experiment are carried out at different
temperatures and gas hourly space velocities (GHSV) in order to investigate the effect of
temperature and GHSV on the NOy trapping capacity of EmeraChem LNT catalysts.
From the isothermal absorption experiments the optimum operating temperature of the
EmeraChem LNT catalysts can be determined. Consequently, experiments are conducted
at three different gas hourly space-velocities of 25,000, 50,000, and 75,000 hr'! and five
different temperatures of 250, 300, 350, 400 and 500°C. All experiments are performed at

a concentration of 500ppm NO with the composition of lean and rich excursions shown
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in Table 4.1. The rich excursion is used only to restore the original trapping capacity of
the LNT at the end of the isothermal absorption experiments.

A typical absorption isotherm at 350°C and a GHSV of 25,000 hr™' is shown in
Figure 4.1, in which the outlet concentration of NOy is plotted versus time. For discussion
purposes this concentration profile can be conveniently divided into three separate stages.
The first stage, which lasts approximately 7 minutes for this particular experiment, no
NOy is observed at the exit of the LNT catalyst, which indicates that the inlet NOy has
been completely trapped on the surface of the LNT. This is one of the primary attractions
of the LNT technology for NOy emission control applications in lean-burn engines. At the
end of the first stage breakthrough or NOy slip begins, and in the second stage rapid
uptake of NOy occurs. In the absorption isotherm experiment illustrated by Figure 4.1,
this second stage lasts approximately from 5 to 47 minutes. As the NOy storage sites are
gradually filled up, the rate of NOy trapping decreases, which leads to a slower NOy
uptake in the third stage. This later stage can last for a period of time; for this particular
experiment the duration of the third stage is approximately 110 minutes. At the end of the
third stage, the LNT is regenerated by subjecting it to a rich excursion until the end of
this experiment. The rich excursion with the composition given in Table 4.1, consisting
of 1.33% H; and 4.0% of CO, induces NOy release as indicated by a sharp NOy spike in
Figure 4.1, and subsequent reduction to N». As a result of the rich excursion the LNT has
been restored to its original trapping capacity. Results obtained for other absorption
isotherms at a GHSV of 25,000 hr' are shown in Figure 4.2. Absorption isotherms at
GHSVs of 50,000 and 75,000 hr™' are shown in Figures 4.3 and 4.4, respectively. As seen

in these figures the absorption isotherms are qualitative similar at all GHSVs investigated
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NOx Concentration, ppm

Table 4.1 Gas composition used in isothermal absorption

Gas Fuel Lean Fuel Rich
NO, ppm 500 500
CO,, % 5 5
CO, ppm 0 40,000
H,, ppm 0 13,333
0,, % 10 0
H,0, % 10 10
Lambda 2.07 0.89
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Figure 4.1 Outlet NOy concentration versus time at a temperature of 350°C and a
GHSV=25,000 hr'" with 500ppm of inlet NO, concentration
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Figure 4.2 Effect of temperature on NOy absorption isotherms with 500ppm of inlet NOy
concentration at GHSV=25,000 hr’

1000

250C
900
300C

500 350C
E 700
= — 400C
=
g 600 500C
E NOx Inlet
g 500
< e
g
S 400 1
g
> 300

200 -

100 -

0 f 1 f f f f 1 f o) S
0 10 20 30 40 50 60 70 30 90 100
Time, minute

Figure 4.3 Effect of temperature on NOy absorption isotherms with 500ppm of inlet NOy
concentration at GHSV=50,000 hr'
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Figure 4.4 Effect of temperature on NOy absorption isotherms with 500ppm of inlet NOy
concentration at GHSV=75,000 hr!

in the present study. In addition, at any given GHSV the breakthrough or NOy slip and
the time to reach saturation occur much earlier for the absorption isotherms at 250 and
500°C. The reasons for the discrepancies between isotherms at 250 and 500°C and at
other temperatures will be given in detail in section 4.1.3. Typical temperature and NOy
concentration histories during the regeneration phase of an absorption isotherm
experiment performed at 400 C and a GHSV of 25,000 hr™' are shown in Figure 4.5. The
fuel rich excursion consisting of 1.33% of H, and 4% of CO is used to reduce NOy to N».
Since the reduction reactions are highly exothermic, the maximum temperature always
occurs inside the LNT during the regeneration phase as can be seen in Figure 4.5. In this
particular isothermal absorption experiment an increase of 130°C in catalyst temperature

is observed. No significant temperature change is seen for the gas phase at the inlet,
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Figure 4.5 Temperature and outlet NOy concentration histories during regeneration phase
of absorption isotherm performed at 400°C and GHSV of 25,000 hr™!

which indicates that gas-phase reactions are insignificant. On the other hand due to the

heat transfer from the catalyst, the exit temperature of the gas phase has increased

approximately 100°C. The increase in the exit temperature of the gas phase always lags

behind the increase in catalyst temperature. Since the NOy analyzer is set in the range of

0 to 1000ppm, any NOy excursion above 1000ppm is recorded as a straight line. As can

also be seen in Figure 4.5 the rich excursion has successfully recovered all of the original

NOy trapping capacity of the LNT.

4.1.1.1 NOy Storage Capacity of LNT

From the isothermal absorption experiments the NOy storage capacity as a function

of temperature is obtained. The area enclosed by the inlet and the outlet NOy

concentration profiles is proportional to the amount of NOy absorbed by the catalyst
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during the fuel-lean condition, as shown in Figure 4.6. The area under the outlet NOy
concentration profile is numerically integrated using Matlab, and from which the amount

of NOy absorbed during the fuel-lean condition is estimated by the following equation.

Amount of NOy Stored in ppm.s

= Amount of NOy Introduced — Amount of NOy Released

The volumetric flow rate is used to convert the total amount of NOy stored in ppm-s to
liter. By using the ideal gas equation of state the amount of NOy stored can then be
expressed in term of gmol. The NOy storage capacity per unit mass of the catalyst is
obtained by dividing the stored NOy in gmol by the weight of the LNT catalyst in g. The
effect of temperature and GHSV on the NOy storage capacity of EmeraChem LNTs is
shown in Figure 4.7 and Table 4.2 to 4.4. As seen in the figure at a given GHSV the NOy
storage capacity exhibits a volcano-type dependence on the temperature, with a
maximum in storage capacity of 3.2x107> mol NO,/g of catalyst occurring at 350°C.
Since NO; is a precursor for the trapping process at alkaline-earth components, i.e., Ba,
the lower NOy storage capacity at temperature below 350°C is due to kinetic limitation
on the oxidation of NO to NO;. On the other hand the decrease in the NOy storage
capacity at temperatures above 350°C is due to equilibrium-limited. Consequently, the
effect of kinetics at low temperatures and equilibrium at high temperatures give rise to
the characteristic volcano- type dependence of the temperature of the LNT’s storage
capacity. As the GHSV increases the NOy storage capacity of the LNT decreases. At a

GHSV of 25,000 hr™', the maximum NO storage capacity at 350°C is 3.2x10™>
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Figure 4.6 Shaded area represented the amount of NOy stored at given temperature and
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Figure 4.7 NOy storage capacity as a function of temperature and GHSV
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Table 4.2 Effect of temperature on NOy storage capacities at 25,000 hr™!

Temperature, °C NOx St(g:‘i?;;ilol/ g of
250 0.0223
300 0.0283
350 0.0323
400 0.0312
500 0.0084

Table 4.3 Effect of temperature on NOy storage capacities at 50,000 hr™!

Temperature, °C NO, St(ér:é%;?ol/g of
250 0.0150
300 0.0172
350 0.0191
400 0.0182
500 0.0082

Table 4.4 Effect of temperature on NO storage capacities at 75,000 hr’'

Temperature, °C NOy Stocr;%;},] ;?01/ g of
250 0.0135
300 0.0165
350 0.0174
400 0.0166
500 0.0073
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mol NO,/g of catalyst, while at a GHSV of 75,000 hr' and at the same temperature, it is
1.75x107° mol NO,/g of catalyst. As seen in Figure 4.7 the effects of kinetics and
equilibrium on the NOy storage capacity are preserved even at high GHSVs. The decrease
in NOy storage capacity with increasing GHSV is due to shorter resident time of NOy in
the simulated lean-burn exhaust gas stream. Based on the results of the present study the
optimum operating temperature for the EmeraChem LNT is 350°C at all GHSVs

investigated.

4.1.1.2 NOy Breakthrough Time

In the present investigation breakthrough time is defined as the time at which the
concentration of NOy in the simulated exhaust gas starts to increase, i.e., the onset of NOx
slip as seen on Figure 4.8. The effect of temperature and GHSV on the breakthrough time
is shown in Figure 4.9 and Table 4.5 to 4.7. Similar to the NOy storage capacity the
breakthrough time exhibits a similar volcano-type dependence on the temperature, and a
maximum in breakthrough time occurs at a temperature of 400°C for all three different
GHSVs investigated in the present study. However, the temperature at which the
maximum breakthrough times occur is approximately 50°C higher than the temperature at
which the maximum NOy storage occurs. In order to confirm the repeatability of the data
at a given temperature three different absorption isotherms experiments were carried out,
with exception of the isotherm at 325°C, at a GHSV of 25,000 hr'! from which the
breakthrough times were obtained. As can be seen in Table 4.5, the difference in the

breakthrough time is within the experimental error.
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Table 4.5 Effect of temperature on breakthrough at 25,000 hr’'

Temperature, °C Breakthrough, s
250 165, 151%*, 161%**
300 214, 225%, 200**
325 234
350 254,252% 246**
400 263, 269%*, 250**
500 163, 159%, 157**

* Second measurement ** Third measurement

Table 4.6 Effect of temperature on breakthrough at 50,000 hr’!

Temperature, °C Breakthrough, s
250 28
300 51
350 63
400 67
500 25

Table 4.7 Effect of temperature on breakthrough at 75,000 hr’!

Temperature, °C Breakthrough, s
250 20
300 31
350 37
400 42
500 12
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4.1.1.3 Ratio of NO; to NO

The most important role of precious metal during the storage process is to oxidize
NO to NO,, which in turn is stored in the storage compound in the form of nitrates.
Consequently the NOy storage capacity of LNT is strongly dependant on NO, conversion
on Pt sites. The effect of temperature on the ratio of NO, to NO obtained from the
isothermal absorption experiment performed at a GHSV of 75,000 hr'' is shown in Figure
4.10. The curve exhibits a volcano-shape dependency on the temperature with a

maximum NO,/NO ratio occurring at 400°C. Chemical equilibrium between NO and NO,

shows that NO; is the dominant species below 220°C, and the amount of NO, decreases
with increasing temperature. The result suggests that below 400°C NO oxidation is

kinetically-limited, and equilibrium-limited at temperature above 400°C.

4.1.2 Desorption Isotherm

There are two primary mechanisms of NOy desorption from the LNT surface. The
first mechanism is thermal in nature in which NOy is desorbed due to the exothermic
oxidation of the reductants by O,, either in the gas stream or absorbed on the LNT
surface. As the temperature of the catalyst increases, NOy is released since the stability of
nitrates decreases with an increase in temperature. In the second mechanism NOy is
desorbed in the absence of O in the gas stream. Since the trapping of NOy is driven by
equilibrium, the stability of nitrites species is significantly reduced. Thus, the shutting of
O, in the gas stream will provide a driving force for the decomposition of nitrate species
with subsequent release of NOy from the LNT surface. The second mechanism is

predominant in the regeneration phase in which rich excursion is introduced, resulting in
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Figure 4.10 Ratio of outlet NO, to NO outlet concentration during absorption isotherm
performed at a GHSV of 75,000 hr™'. Also shown is the equilibrium ratio of
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a net reducing environment. The NOy desorption experiments were conducted at two
different temperatures of 350 and 500°C and at a GHSV of 25,000 hr”' in which the flow
of O, and NOy shut off at the end of the NOy absorption period. The primary objective of
the desorption experiment is to ascertain the thermal nature of the NOy desorption
mechanism. As shown in Figures 4.11 and 4.12, LNT catalysts in both experiments are
fully saturated after 8000 s, and immediately after which the flows O, and NOy are shut
off around 9000 s. As can be seen in Figures 4.11 and 4.12, NOy desorption is greater at
500°C than 350°C, and the result suggests that more NO, is desorbed at higher

temperature due to the higher decomposition rate of nitrite or nitrate compounds.
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Figure 4.11 Desorption experiment performed at T = 350°C and GHSV = 25,000 hr’'
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4.2 LNT Regeneration

The objective of this section is to investigate the optimum combination of fuel
lean and fuel-rich pulses, the minimum amount of reductants required, and the best
reductant species used in the regeneration of the EmeraChem LNTs. This section is
divided into two subsections and compares the performance of LNT regeneration
techniques, cycling lean and rich and direct fuel injection. Section 4.2.1 presents the LNT
regeneration by cycling between the rich and lean pulses, whereas LNT regeneration by

direct fuel injection is discussed in section 4.2.2.

4.2.1 Cycling Lean and Rich in Main Stream

The effects of lean and rich duration and type of reductants on the regeneration of
the LNT catalyst are investigated at an operating temperature of 350°C and a space
velocity of 50,000 hr'. The operating temperature is selected to be 350°C since the
catalyst was determined previously to have a maximum NOy storage capacity at that
temperature. All experiments are carried out with 500ppm NO, 5% CO,, 10% O,, 10%
H,O with balance N, in the lean phase; and 500ppm NO, 5% CO,, 4% CO, 1.33% Ha,
0% H,O with balance N, in the rich phase. The experiments are performed for two
different cases. In the first case, the time durations of the lean and rich phase are varied at
a fixed concentration of CO and H,. In the second case, the reductant concentrations —
CO and H; — are varied at constant time durations of the lean and the rich phase. The
objectives of the first case are to investigate the effect of time duration of fuel lean and
rich on the performance of the LNT catalyst and to determine the optimum time durations

to regenerate the LNT catalyst with the minimum amount of reductants. On the other
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hand, the objective of second case is to investigate the effect of the reductant
concentrations on the NOy conversion efficiency using the optimum time durations

obtained from the first case.

4.2.1.1 Varying Time Duration

Three different lean/rich cycles — 50 s lean and 10 s rich, 50 s lean and 5 s rich,
and 100 s lean and 5 s rich — are used to investigate the effect of lean and rich durations
on the NOy conversion of the EmeraChem LNT catalysts. The reductants in the rich
phase of the three investigated cycles consist of 4% CO and 1.33% Ha,.

Figures 4.13 and 4.14 show NOy concentration, NOy conversion and
corresponding catalyst and gas temperatures in six cycles of a cycling experiment at a
temperature of 350°C and a GHSV of 50,000 hr' with 50 s lean and 10 s rich for a total
cycle time of 60 s. For this particular experiment NOy excursion occurs only in the first
lean/rich cycle but not in successive cycles. This anomaly is attributed to the pre-existing
conditions of the LNT; the inadequacy of previous regeneration in “cleansing off ” NOy
from the surface of the catalyst. During the first 10 s of the lean cycle, NOy is absorbed
by the LNT, resulting in almost no NOy slip and 100% NOy conversion. As the storage
sites are gradually occupied, NOy breakthrough commences as reflected in a gradual
increase in NOx concentration and a decrease in NOy conversion. As seen in Figure 4.14,
during the lean phase there is negligible change in temperature of the inlet and exit gas
phase as well as the LNT. The difference in these temperatures is due the inability of
maintaining isothermal condition for the LNT reactor. As the rich phase commences at 50
s, the reductants, H, and CO, induce NOy release due to thermal decomposition of surface
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nitrites and nitrates, as indicated by a sudden increase in NOy concentration and a
corresponding decrease in NOy conversion. During the rich phase, the NOy excursion is
followed instantaneously by a sharp decrease of NOy to nearly zero, which is indicative
of subsequent reduction of stored nitrites and nitrates to N,. The sudden NOy excursion is
accompanied by an increase in the LNT and the exit gas phase temperatures. The increase
in the temperature of the LNT in the rich phase is a result of two different exothermic
catalytic reactions; one between the reductants and absorbed O, on the surface of the
LNT catalyst during the lean phase, and the other between the reductants and NOy. For
this particular experiment, a 10 s duration of the rich phase results in a maximum increase
of 35°C of the catalyst temperature. At the end of the first cycle with the termination of
the rich phase, the LNT temperature decreases and this decrease in temperature continues
well into the lean phase of the second cycle until the next rich phase. As a result of
convection the temperature of the exit gas phase increases with the maximum
temperatures occurring approximately 35 s behind those of the catalyst. This time lag is a
result of the distance between two thermocouples used to measure the catalyst and the
exit gas temperatures. On the other hand the increase in the inlet gas phase temperature is
negligible, which indicates insignificant gas-phase reactions. Once the LNT’s surface is
“cleansed off”, leaving more accessible trapping sites for the next cycle, no NOy
excursions are observed in the successive lean/rich cycles. The amount of NOy slip is
negligible and within the resolution of the NOy analyzers, culminating in an average NOx
conversion in 6 cycles close to 100 %.

Figures 4.15 and 4.16 show NOy concentration, NOy conversion and

corresponding catalyst and gas temperatures in six cycles of a lean/rich modulation
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experiment at a temperature of 350°C and a GHSV of 50,000 hr™' with 50 s lean and 5 s
rich for a total cycle time of 60 s. In contrast to the previous run no NOy excursion is
observed in this experiment. It is apparent that the surface of this particular LNT is free
of NOx accumulation prior to the experiment. Even though the duration of the rich pulse
is half of the previous run, NOx slip is of similar magnitude, resulting in a NOx conversion
of 99.9%. As seen in Figures 4.13 and 4.15, more than 99.9% NOy conversion is
obtained for the first two lean/rich cycles, whereas the NOy conversion decreases to
98.0% for the 100 s lean and 5 s rich cycles, as shown in Figure 4.17. The catalyst and
gas temperatures of 100 s lean and 5 s rich cycles are shown in Figure 4.18, which are
very similar to Figure 4.16. Since there is not much difference in NOy conversion
between the three different lean/rich cycles, a lean/rich cycle of 100 s lean and 5 s rich
hereafter is selected, since this cycle would offer the best fuel efficiency in regenerating

the LNT catalysts.

4.2.1.2 Varying Concentration of Reductant

Experiments are performed at 350°C — the optimum operating temperature of the
EmeraChem LNT catalyst — and a GHSV of 50,000 hr', using four different
concentrations of the reductants in the rich or regeneration phase. For this particular
series of experiments, the objectives are twofold. The first objective is to determine the
minimum concentration of CO and H, when the two reductants are used in the rich phase
which produces high NOy conversion. Only two different concentrations of the reductants
are used: 4% CO and 1.33% H; and 2% CO and 0.67% H,. The second objective is to
find between CO and H; the most effective reductant for the regeneration of the LNTs.
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For the second objective experiments are performed at a concentration of 4% of either
CO or H; in the rich phase. All experiments are conducted using an optimum lean/rich
modulation of 100 s lean and 5 s rich. The results obtained from cycling experiment with
4% CO and 1.33% H; in the rich phase and lean/rich modulation of 100 s lean and 5 s
rich — has been discussed in Section 4.2.1.1(see Figures 4.17 and 4.18). Figures 4.19 and
4.20 show NOy concentration, NOy conversion and corresponding catalyst and gas
temperatures in 10 cycles of a cycling experiment with 2% CO and 0.67% H; in the rich
phase at a temperature of 350°C and a GHSV of 50,000 hr'. For this particular
experiment NOy slip and excursion gradually increase with increasing number of cycles.
The increase in NOy slip and excursion is attributed to insufficient amount of reductants;
i.e., 2% CO and 0.67% H,, used in regenerating the LNT. As seen in Figure 4.19, the CO
conversion is almost 100% in the rich phases, which indicates that most of CO is
consumed by the NOy reduction reaction. As some of the storage sites are occupied with
NOy from previous incomplete regenerations, the LNT has less accessible trapping sites
for the next lean phase. Therefore the rate of NOy reduction with insufficient amount of
reductants is less than that of NOy accumulation in the lean phase, resulting in an increase
in NOy slip and excursion with each successive cycle and a corresponding decrease in
NOx conversion. It is interesting to observe that at low concentration of reductants the
temperatures of LNT and inlet and outlet gas decrease with successive cycles as in
contrast to the previous experiment, in which the temperatures of LNT and inlet and
outlet gas reach a steady-state condition only after two cycles (see Figure 4.18). For this
particular concentration of the reductants in the rich phase; i.e., 2% CO and 0.67% Ha,
the outlet gas temperature is less but the LNT temperature is higher than those in the
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previous case in which the concentration of the reductants is doubled. These results seem
to indicate that for reductants of insufficient strength most of the reductants are consumed
in the front half of the LNT, and not much reductants are left to react with NOy stored in
rear half. Since NOy slip and excursion increase as the number of cycles increases, it
appears that the amount of NOy accumulation increases with each successive cycle
resulting in higher NOy slip, which in turn produces higher NOy excursion in the next
cycle. It is also interesting to note that the concentration of CO increases with increasing
number of cycle even though the amount is negligible. The increase in CO concentration
is indicative of the reduction reactions becoming less efficient due to more absorbed NOy
on the LNT surface blocking the diffusion of O, to ceria sites during the lean phase. NOy
concentration, NOy conversion and temperature histories in 10 cycles of a cycling
experiment with either 4% CO or 4% H; in the rich phase with a lean/rich modulation of
100 s lean and 5 s rich are shown in Figures 4.21 to 4.24. As seen in Figures 4.21 and
4.23, regardless of the reductant used, highest NOy slip and excursion occur only in the
first cycle due to the inadequacy of previous regeneration in “cleansing off” stored NOy
from the surface of the LNT. After the first cycle, NOy slip and excursion decrease and
reach steady-state values. Since NOx slip and excursion with H; as the reductant are less
than those with CO, the average NOy conversion for H; is higher than that of CO. Figure
4.21 also shows CO excursions during the rich pulses, which indicates that not all CO is
consumed by NOy reduction reaction and in the absence of O,, large amount of CO slip
occurs. Average CO conversion for this experiment decreases to 99%, whereas about
100% of CO conversion is obtained from the cycling experiment with 2% CO and 1.33%
H, in the rich pulse (see Figure 4.19). The temperature histories of LNT, inlet and outlet
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gas for CO and H; are shown in Figures 4.22 and 4.24, respectively. These temperature
histories are similar to those obtained from the cycling experiment with 50 s lean and 10 s
rich (see Figure 4.14). NOx and CO conversion efficiencies are listed in Table 4.8. As
seen in Table 4.8, it is apparent that H; is a slightly better reductant in reducing NOy than

CO.

4.2.2 Direct Fuel Injection (DFI)

Two separate DFI experiments are carried out: direct fuel injection in the absence
and presence of oxygen in the simulated exhaust gases. These two types of experiments
were used to simulate two different scenarios in which the rich excursions are generated
in the operation of lean-burn natural gas engines. In the first scenario, the rich excursions
are produced by running the engines under stoichiometric or rich conditions for a very
short period. In the second scenario the rich excursions are generated by injecting the
reductants directly into the lean exhaust gases. To duplicate the first scenario, at the
beginning of the rich phase, oxygen is shut off and the reductant, either H, or CO, is
directly injected into the reactor gas stream. In the second scenario, the rich excursions
are generated by injecting the reductant into the lean exhaust gas stream. Both
experiments are performed at the optimum operating temperature of 350°C and a space
velocity of 50,000 hr' with an optimum lean/rich cycle of 100 s lean and 5 s rich.

Figures 4.25 and 4.38 show the effect of reductant chemical species and
concentration on the NOy concentration profiles at the exit of the LNT catalysts in the
absence of O, in the rich phase. CO and H; are selected as the reductants, and the results

are listed in Table 4.9. As seen in Figure 4.25, at a concentration of 2% CO the amount of
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Table 4.8 Results of cycling 100 s lean and 5 s rich experiment with T=350°C and

GHSV=50,000 hr'

Reductants NOy CO Temperature Increase
Conversion, % Conversion, % | During Regeneration, °C
4% CO &
1.33% H, 98.0 97.5 33
2% CO &
0.67% H, 90.9 100.0 34
4% CO 97.7 98.7 34
4% H2 99.4 — 30
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400 7 __ 304 Co
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Figure 4.25 NOy conversion versus time for various CO injections using DFI in
absence of O, with 500ppm of NOy inlet concentration (100 s lean and
5 s rich, T=350°C, GHSV=50,000 hr")
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Figure 4.26 NOy and CO conversion and concentration histories for 2% CO injections
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Figure 4.29 Temperature histories for 3% CO injections using DFI in absence of O, with
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GHSV=50,000 hr™")
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Table 4.9 Results from direct fuel injection without O, (5 s rich and 100 s lean, T=350°C,
GHSV=50,000 hr")

Reductant NO, Conversion,% CO Conversion,% LNIE ;l;ee:;rg;f{zgure
2% CO injection 84.0 99.2 22
3% CO injection 92.3 98.0 22
4% CO injection 92.0 96.6 24
2% H, injection 90.5 - 23
3% H, injection 99.3 - 26
4% H,; injection 99.6 - 28

92




NOx slip at the end of the lean phase and the NOy excursion at the end of the rich phase
increase with each successive cycle. Similar behavior is observed for H; as a reductant at
the same concentration even though the amount of NOy slip and the NOy excursion is
relatively lower. The increase in the amount of NOy slip and the NOy excursion is due to
not only in the decrease in the trapping efficiency of LNT, but also the inadequacy of the
a steady value immediately after the first cycle. This indicates that H, is a better reductant
in “cleansing off” the surface of the LNT, leaving more accessible trapping sites for the
next lean phase. strength of the reductant in “cleansing off” the surface of the catalyst in
the generation phase. As the concentration of the reductant increases, the amount of NOx
slip and NOy excursion decreases, and reaches a steady value. For CO at concentrations
of 3 and 4% the steady state performance is achieved after 10 cycles.

On the other hand with H; as the reductant at the same concentrations, the amount
of NOy slip and NOy excursion reaches the catalyst out NO concentrations during DFI in
the presence of O, with either CO or H; as the reductant, are shown in Figure 4.39 and
4.52, respectively. Table 4.9 and 4.10 list the NOy conversion averaged over 10 cycles
obtained at different concentrations of CO or H; in the absence and presence of O, in the
simulated exhaust gases, respectively. In contrast to DFI in the absence of O,, the NOy
slip during the lean phase and the NOy excursion during rich phase increase with
successive cycles, regardless of the type and concentration of the reductant. Consequently
the average NOy conversion in 10 cycles decreases significantly in the presence of O; in
the regeneration phase. The results suggest that some of the reductant is consumed by
directly reacting with oxygen, and thus less is available to participate in the reduction

reactions. The exothermic oxidation reaction results in an increase of 53°C in the catalyst
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Table 4.10 Result from direct fuel injection with O, (5 s rich and 100 s lean, T=350°C,
GHSV=50,000 hr'")

Reductant NOy Coonversion, CO Conversion, LNT Tempegature
% % Increase, °C
2% CO injection with O, 56.0 99.6 23
3% CO injection with O, 56.4 99.7 36
4% CO injection with O, 53.3 99.8 53
2% H2 injection with O, 56.2 - 14
3% H2 injection with O, 56.7 - 26
4% H2 injection with O, 58.1 - 40

temperature (4% CO injection with O,). Further observation of the results indicates that
the NOy conversion efficiency when injecting 4% CO in the absence of oxygen is less

than in cycling experiment at the same concentration. However, the NOy conversion
efficiency was found to be similar for both direct injection and cycling experiment with
4% H,. As in the case of cycling H, appears to be slightly better than CO in the

regeneration of LNTs.
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Chapter 5

CONCLUSIONS

The effects of temperature and gas hourly space velocity on the performance of
EmeraChem LNT are investigated in the present study, from which the NOy storage
capacity and the breakthrough can be obtained. These two performance parameters are
necessary in determining the optimum operating temperature and the time at which the
regeneration of the LNT is initiated. The maximum NOy storage capacity occurs at 350°C
and below 350°C is limited by chemical kinetics. The NOy storage capacity at
temperatures above 350°C is suppressed due to equilibrium-limited. Moreover the NOy
storage capacity decreases with increasing GHSV because the resident time of NOy
molecules to be stored decreases as the GHSV increases. The maximum NO,/NO final
ratio and breakthrough time occur at 400°C, and the difference between temperatures for
the maximum NOy storage capacity and NO oxidation must be possibly due to the
instability of nitrite or nitrate compounds above 400°C.

The desorption experiments are conducted at 350 and 500°C and a GHSV of 25,000
hr'l, in which the flow of O, and NOy was shut off at the end of the NOy absorption
period. Since the trapping of NOy is driven by chemical equilibrium, the net reducing
environment provides a driving force for the decomposition of nitrate species with
subsequent release of NOy from the LNT surface. In addition, the NOy release is greater
at 500 than 350°C since the rate of nitrite decomposition rate increases with increasing

temperature.
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The effects of lean and rich duration and reductant concentration on the
regeneration of the LNT catalyst were investigated at a temperature of 350°C and a space
velocity of 50,000 hr''. The optimum lean/rich cycle of EmeraChem LNT was found to
be 100 s lean and 5 s rich, with which a higher NOy conversion efficiency with the lowest
fuel penalty is obtained. Of the two reductants investigated in the present study, H, is
found to be a slightly better reductant in reducing NOy than CO.

Two different DFI experiments were performed at a temperature of 350°C and a
GHSV of 50,000 hr’', in which after every 100 s of the lean pulses, a 5-second pulse of
either H, or CO was injected directly into the LNT: direct fuel injection in the presence
oxygen and without oxygen in the main stream. The NOy conversion efficiency with
either pure H, or CO as reductant is found to be similar for both DFI in the absence of O,
and lean/rich cycling experiment. In the presence of O, during fuel injection, part of the
reductant was consumed by directly reacting with oxygen rather than by the reduction

reactions, thus the NOy conversion decreases to 57 %.
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