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ABSTRACT

Lean-burn engines, which operate under exces® direl ratio offer significant
fuel efficiency as well as contribute to the redwes of greenhouse gas emissions.
However, lean burn engines produce three main famits carbon monoxide (CO),
nitrogen oxides (NQ and unburned or partially burned hydrocarbons)(h@ich have
detrimental effect on both environment and hum#&a [The conventional three way
catalyst (TWC) which was designed to reduce,N@der stoichiometric conditions is not
effective under lean-burn engine exhaust conditi®ecent studies have shown that
copper (Cu) exchanged chabazite (CHA) type zeoétesvery promising catalysts for
urea or ammonia (Nl based selective catalytic reduction (SCR) ofiM@d expected to
meet with our future needs, due to their low terapee activity and high hydrothermal

stability.

High-throughput experimentation (HTE) is an actiwea of interest in the field of
catalysis due to its potential in optimization mhé and cost. Fourier transform infrared
(FTIR) imaging is a powerful spectroscopic tool ethcombines the chemical sensitivity
of infrared spectroscopy with the ability to rapgidlanalyze multiple samples
simultaneously. A large number of heterogeneoualysts can be tested under realistic
condition using a high-throughput parallel readtdi’R) and the product gases can be

analyzed quantitatively in parallel simultaneousiging FTIR imaging technique.



The objective of this research is to develop higtotighput catalyst screening for
NH3; based SCR of NQHigh throughput methodology (HTM) will allow us perform a
significant number of experiments in a short peraddime and will be beneficial for

comparison of activity and selectivity of a sigo&nt number of catalysts.

The first chapter of the thesis summarizes the vabtn as well as the present
NO, reduction methods and limitations of those methdtlsalso summarizes the

progresses of HTM for parallel testing of catalystsler realistic conditions.

The second chapter provides the detail of the J&wbl HTRs (Primary and
Secondary screening reactor) used to test the %figred catalysts under plug flow
condition. It also provides the detail of FTIR invag system built for the parallel
analysis of the reaction product gases. A briefcdeson of chemometrics for
guantitative infrared spectral analysis is alsduded. Lastly, this chapter summarizes

the catalyst synthesis and characterization tectesigised in this research.

The third chapter details the experimental resoft€€O oxidation reaction. It
summarizes the calibration results of CO and carioride (CQ). It also provides the
results of catalyst screening for CO oxidation teac using the primary screening
reactor (PSR) along with the results of characéion of catalysts used to study CO

oxidation reaction.

The fourth chapter details the experimental resoiltdiH; based SCR of nitric
oxide (NO). It summarizes the univariate and maltiate calibration results used for
NH3; based SCR reaction study. It also provides thelteesf benchmark reaction and

catalyst screening using the secondary screenagjare(SSR).



The last chapter provides a perspective of thisaieh and recommendations for

the direction of future works.
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CHAPTER1

Introduction and background

1.1. Motivation

Air pollution caused by automobile engines is asué of general interest.
Automobile engines employ combustion of fossil fua$ a source of energy. Burning of
hydrocarbon ideally leads to the generation of wétbO) and CQ. However, due to
incomplete combustion and high temperatures reashélde combustion chamber, the
automobile engines exhaust contains significant tanso of pollutants [1-4]. Three
primary pollutants of exhaust gas are CO,xN@d HC. NQ (NO and NQ) exhaust is a
major threat to the environment because they aporesible for photochemical smog
formation, acid rain, ozone generation in the logpbsphere, and ozone layer depletion
in the stratosphere [5]. Biological studies havevahn that, when externally produced NO
is introduced to the lungs the compound can difftte@ugh the alveolar-cells and
capillary vessels provoking both lung infectionsl aaspiratory allergies like bronchitis,
pneumonia, etc. [2]. Figure-1.1 shows the percentdgNQ, pollution by source in the
United States in 2010. According to the emissiongemtory taken by the U.S.
Environmental Protection Agency (EPA) in 2010, 8@ of the total NQ emissions

released into the atmosphere originated from maaileces as shown in Figure-1.1.
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Figure-1.1: Distribution of national NOx emission by source in the USA, 2010 [6].

Growing public concerns about deteriorating airliy@rompted the passages of
United States Clean Air Act in 1970. This led te thiscovery of the TWC in 1979,
which is still found in virtually all modern cataly converters. The TWC uses a
combination of noble metals platinum (Pt), palladi¢Pd) and rhodium (Rh) supported
on aluminum oxide (ADs3) in order to oxidize CO and unburned HC to G(Dd reduce
NOyx to Nitrogen (N) [7]. The TWC was highly successful in controllirexhaust
emissions from conventional petrol engines whiclterafe close to stoichiometric
conditions [8, 9]. Over the next two decades, TVEGniodified to improve its overall
durability and activity. Small amounts of other pafds such as, zirconia (Zs§) ceria
(Ce() and baria (BaO) were added to increase the tHestalaility, oxygen (@) storage
and release capacity of the catalyst surface [A8]environmental regulation became
more stringent, the improvement of catalytic coteer performance becomes more
important. In addition, concerns about the effetctglmbal warming have driven the
interest in reducing greenhouse gas emissions ieflge€O, emissions. One of the

effective ways to reduce the overall emission ot @0 reduce the fuel consumption of



vehicles. Lean-burn engines, which operate undeessxair to fuel ratio, is one of the
potential solutions to reduce G®missions and simultaneously improve the oveual f
economy. The excess,@elps to combust the residual CO and HC thus astng the
fuel efficiency and decreasing the fuel consumpfibl]. The exhaust gas compositions
of the engines operating under lean-burn condai@nshown in Table-1.1. It is clear that;
NOy emission from a lean burn engine is higher thamfa diesel engine.

Table-1.1: Exhaust conditions of diesel and lean-fw-stroke engines (reproduced

from [1])

Exhaust components

and conditiong'

Diesel engine

Four-stroke lean-burn

spark ignited-engine

NOy 350-1000ppm ~ 1200ppm
HC 50-330ppm € ~ 1300ppm &
CcO 300-1200ppm ~1300ppm
O, 10-15% 4-12%
H,0 1.4-7% 12%
COo, 7% 11%
SO 10-100pprh 20ppm
PM 65 mg/ni

Temperature r.t.—650C r.t.—8506C

(test cycle) (r.t.—420C)

GHSV (Hh

30,000-100,000

30,000-100,000

A (AIF)°

~1.8 (26)

~1.16 (17)

&N, is remainder.




P For comparison: diesel fuels with 500 ppm of sufftoduce about 20 ppm of $O

¢\ defined as ratio of actual A/F to stoichiometriFAL = 1 at stoichiometry (A/F =

14.7).

The TWC was not designed to operate under lean-boigme exhaust condition
and it cannot remove NCeffectively under these net-oxidizing conditio@s9, 12-14].
Therefore, new catalyst must be developed in daeeduce N@Qfrom lean-burn engine
exhaust and to meet future requirements of EPAurEid..2 shows the EPA regulation
standards to date for N@or Compression Ignition (Cl) and Spark Ignitiddl) engines.
As shown in Figure-1.2, the regulations for 2008strict the NQ content to be as low as
~ 0.2 (g/bhp-hr). Extensive research has been peein search of alternative catalysts
that will reduce NQin O, rich environments, but an acceptable catalysnioayet been

discovered [12-14].
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Figure-1.2: Exhaust emission standards for NQby EPA [15].



1.2. Existing technologies for removal of NQand their limitations

The NQ emissions from automobile engine exhaust is tfyi@b% NO and 5%
NO.. In engine NQ is generated through one of the three mechanishes mechanism
that contributes mostly to automotive exhaust erttal NQ; which is generated from
the oxidation of elemental Nn the air at high temperatures as shown in readtl.1).

This reaction occurs above 160Q0[16].

N, + 0, = 2NO ... (1.1)

The second mechanism of N@rmation is called fuel NQand is generated
from the oxidation of M present in the fossil fuel. Unlike thermal NQ@he fuel NQ
formation is relatively independent of temperatae internal combustion engine

temperatures [17].

The third mechanism of NOformation is called prompt NO(also called
Fenimore NO). In this case HC reacts with atmosphds to yield hydrogen cyanides
(HCN and HCN). These cyanides can be oxidized to NO in tle¢ lean zone as shown

in the following reactions.

HC + N, » HCN ... (1.2)

HC + N, » H,CN ... (1.3)

HCN + 0, - NO + CO, + H,0 ... (1.4)

H,CN + 0, > NO + CO, + H,0 ... (1.5)



In addition, NO can further react with,@ form NG and NO as shown in the

following reactions [3].

NO 40,5 NO; ... (16)

2NO 5 N,0 +50;, ... (1.7)

NO has a positive free energy of formation at ambiemperature. Therefore the
decomposition reaction of NO is thermodynamicallydrable. However, homogenous
decomposition is immeasurably slow because therdposition reaction has very high
activation energy as shown in the reaction (1.8yciRg the decomposition reaction to
the right also becomes increasingly more diffianltan environment exposed to air.
According to LeChatelier’'s principle high partialegsures of Nand Q will shift the

equilibrium of the decomposition reaction to thi. le
NO S =N, +0;  AHfsg = 364k]/mol ... (1.8)

Furthermore in @rich environment at moderate temperatures NO p&glito
form NO, Therefore, an effective NQO reduction catalyst which drives NO
decomposition reaction to the right and inhibits NXddation and hence can reduce the
NO, concentration to levels that satisfy upcoming ltaguy standards needs to be

investigated [2].

There are two main approaches for N@duction that have been used over the
past several years. The first method is the BiOrage and reduction (NSR) technology,
where NQ elimination is achieved by selectively storing N@nh the catalyst surface

under fuel lean conditions, and then non-selegtivedlucing the stored NQinder short,



fuel rich conditions [18-26]. The second approashtie SCR of NQin which the
catalyst and the reducing agent (e.g.sNitea and hydrocarbons) react selectively with
NO, rather than with @ These technologies include BFSCR, urea SCR and

hydrocarbon SCR (HCSCR) [4].

NSR catalysts were initially developed by Toyotatire early 1990s. NSR
catalysts overcome the limitations of the TWC byemping under non-steady state
conditions. During fuel-lean conditions, the st@agpmponent of the NSR catalyst (most
commonly BaO supported opralumina (AbOs)) traps the NQ@ while the oxidation
component of the catalyst (typically Pt) oxidize® @nd HCs to C® Eventually, the
sites that trap the N(become saturated and are regenerated by runrengntfine under
fuel-rich conditions where the adsorbed ,Ni® reduced by HCs and released asabl
shown in the following reactions.

2C0 + 0, > 2C0, ... (1.9)
HC + 0, -» CO, + H,0 ... (1.10)
NO + HC > N, + CO, + H,0 ... (1.11)

Although NSR catalysts have been successfully camialzed, there are some
complications present in the use of NSR catalysmish as a fuel penalty for the rich
events, sensitivity to fuel sulfur levels, and eohtuinder transient engine operation [18-
26].

HCSCR has achieved great attention in the scientdmmunity over the past
four decades. The two main reactions of HCSCR leeae¢duction of NO and oxidation

of HC and CO as shown in the following reactions.

NO + HC + 0, > N, + CO, + H,0 ... (1.12)



HC + 0, - CO, + H,0 ... (1.13)
2C0 + 0, = 2C0, ... (1.14)

Propene (GHe), propane (gHsg), octane (GHis) and ethanol (gHsOH) are
mostly reported as the reducing agents used forGRCSvhereas Pt opAl,O3; (Pth-
Al,O3) and silver (Ag) ory-Al O3 (Agly-Al,O3) are the most common catalysts [8-9, 12-
14, 27-46]. Pt-Al,0O3 showed good NQreduction £50%) at low temperature (200-
250°C) with GsHe. However, N selectivity was low compared to nitrous oxideQ\
selectivity ¢74%), which was not desired [8, 13-14]. On the othandy Ag{-Al,O3
showed good NQreduction £100%) at high temperature (350-5) with GHsOH or
CgHis. However, CO production (40%) was observed inst#a@O conversion [9, 12,
27-29, 35-37]. To increase the temperature rangeCG@ selectivity some steps have
been taken, such as injecting Bhd using an oxidation cleanup catalyst. It wasb
that oxidation catalyst increased the conversiorCOf, but reduced the conversion of
NOy (40%) at 350C [8]. H. injection in exhaust gas increased the,N&luction and CO
oxidation [19]. However it is not a practical sadut to add H to exhaust gas. Therefore,

a good solution has not been found yet [8, 12, 81-3

To reduce N@emissions from the lean exhaust of stationarytplaits was first
used in Japan in 1970s [47-48]. This processligatjarded as the most effective method
for NOy reduction in stationary applications. Howeverautomotive applications NH
presents a risk for being transported in pressdrzntainers because of its toxic and
corrosive nature. Therefore, SCR process with ig@aesently considered to be the best
technology for the removal of NGrom the exhaust of heavy-duty diesel vehicles, e.g

trucks [3-4, 28, 47-54]. Urea is harmless and emrirentally storage compound for BIH



Urea is usually introduced to the exhaust streamsdution 32.5% by weight with,B.

In exhaust stream, at high temperature urea decsgspand form NE The complete
decomposition of urea takes place in three stepfirdt step HO is evaporated. In the
second step urea decomposes to release ongnitecule and one isocyanic acid
(HNCO) molecule. Finally HNCO decomposes to releassecond Nkl molecule and

one CQ molecule as shown in the following reactions.

NH,CONH, - NH; + HCNO ... (1.15)

Although urea or Nkl SCR is a mature technology, there are still some
complications, such as NHslip through the exhaust, formation of ammoniurtiases
(NH4HS O, (NH4)>SOy) on SCR catalyst surface below 26Gand cold weather freezing.
The urea solution freezes at °Cland expands by approximately 7% when frozeng3, 4
51]. If urea solution freezes when the vehiclehatsdown, startup is not inhibited. The
SCR heating system is designed to quickly retuenuitea solution to liquid form so that
the operation of the vehicle is not effected. Th@ méduction efficiency of this process is

90% or even higher [4].

The basic reaction of urea or NIBCR is the reduction of NO by Nkh presence
of O,. In case of incomplete decomposition of urea, wead HCNO can also act as a

reducing agent as shown in the following reacti&23.

ANO + 4NH; + 0, - 4N, + 6H,0 ... (1.17)

2NO + 6NH,CONH, = 5N, + 4H,0 + 2C0, ... (1.18)



4NO + 6HCNO - 5N, + 2H,0 + 4CO, ... (1.19)

It is observed that, reaction (1.17) proceeds fastthe presence of a 1:1 mixture
of NO and NQ (designated as fast SCR), since N®a much stronger oxidizing agent

than Q as shown in the reaction (1.20).
4NH; + 2NO + 2NO, - 4N, + 6H,0 ... (1.20)

When NQ/NOy fraction exceeds 50%, a SCR reaction with pure té®es place

as shown in the reaction (1.21) [3-4].
8NH; + 6NO, — 7N, + 12H,0 ... (1.21)

Vanadia-tungsta-titania (titania-vanadia) catalgstswidely used in the treatment
of flue gases produced by stationary power plavitsmadium oxide (¥Os) (0.5-1%) is
the active species in the SCR process. High surésea anatase titania (TiO(70—
100nf/g) constitutes the support of the catalyst. Tumg&WQs) (~10%) works as a
physical and chemical promoter inhibiting rutiliat of anatase phase of titania. Due to
its high potential of NQ reduction in lean exhaust gases, titania-vanaiagorously
investigated for automotive applications [3-4, ¥-5The challenges for the automotive
application of urea SCR is the need of a titaniaadsa catalyst with high SCR activity
and good thermal stability in the temperature ramigg50—656C. Anatase sintering and
anatase-to-rutile phase transition are the majyofa contributing to the deactivation of
titania-vanadia catalysts above 800 This phenomenon decreases the catalyst surface
area and results the lower activity of the rutitsseéd catalysts. Over 6% melting of
V.05 also contribute to the deactivation of the catalykreover volatility of \\Os over

650°C can lead to toxic emission which is not desi®d [55].

10



In addition to titania-vanadia catalyst, zeolitese gpromising catalysts for
automobile applications due to their lower pricentoxicity, high activity and selectivity
to N,. Zeolite types with narrow pores, such as zedigga (BEA), CHA, faujasite
(FAU), mordenite (MOR) and mordenite framework irted (MFI) have proved to be
good NQ reduction catalyst for NHSCR applications. In particular, metal (e.g. Cd an
iron (Fe)) exchanged MFI zeolite systems (Cu-ZSMrisl Fe-ZSM-5) have received
much attention both from academia and industry@aslgNQ, reduction catalysts [3-4,
50, 53, 59-64]. The main drawback of zeolite catslyis its lack of hydrothermal
stability. At high temperatures and in the presentewater vapor (steam), zeolite
framework is compromised; combined effects of deahation and migration of ions
into framework diminishes the SCR capability [59-6Bowever, recent studies have
shown that CHA type zeolites (SSZ-13 and SAPO-34) leydrothermally stable and
promising catalysts for NHSCR applications [3, 50, 53, 65-68]. Hydrothermstalbility
of a zeolite can be observed by comparing the SEales of the zeolite before and after
hydrothermal treatment as shown in Figure-1.3. Befydrothermal treatment Cu-ZSM-
5 crystals were fairly smooth and uniformly shapsdshown in Figure-1.3a. However,
after hydrothermal treatment Cu-ZSM-5 loses itsstalinity as shown in Figure-1.3b.
On the other hand, Cu-SSZ-13 maintains the samago&al morphology and surface

texture before and after hydrothermal treatmersthasvn in Figure-1.3c and d [53].
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Figure-1.3: SEM images of Cu-ZSM-5 (a, b) and Cu-S513 (c, d) before and after
hydrothermal treatment (Reproduced from [53]).

The NQ reduction capability of Cu-ZSM-5, Cu-SSZ-13 and-8APO-34 are
shown in Figure-1.4 after 14h of hydrothermal tneait. From Figure-1.4, it is evident
that, after hydrothermal treatment NQeduction capability of Cu-ZSM-5 was
diminished, whereas Cu-SSZ-13 and Cu-SAPO-34 shilwed good NQreduction
capability. This is because of the dealumination tiké MFI framework. During
hydrothermal treatment, aluminum hydroxide moi&l®@H)3) exits the MFI framework
causing structural defects which results in theiced NQ reduction capability. On the
other hand, Al(OH) cannot exit the small pore window of CHA framewadsulting

similar NQ reduction capability before and after hydrothertneatment. Hence, metal
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exchanged CHA type zeolites (SSZ-13 and SAPO-3d)paomising catalysts for NH

SCR applications and expected to meet with ouréuteeds.
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Figure-1.4: NH3; SCR activity of Cu-SSZ-13, Cu-SAPO-34 and Cu-ZSM-&fter 14h
hydrothermal treatment (Reproduced from [53]).

Cu and Fe promoted zeolites are most widely stuidieblH; SCR, owing to their
availability and high activity. A possible reason énd Fe to show high N®@eduction is
their good redox capacity. Noble metals (Pt, Pd) Rdwve higher redox capacity, but
zeolites promoted with noble metals form@Nas shown in the reactions below. Cu-
ZSM-5 and Fe-ZSM-5 also produce@ (Cu-ZSM-5 produces more than Fe-ZSM-5).
However, amount of pO produced by Cu-ZSM-5 and Fe-ZSM-5 is much lower

compared to zeolites promoted with noble metals.

2NH; + 2NO, - N,0 + N, + 3H,0 ... (1.22)

6NH; + 8NO, - 7N,0 + 9H,0 ... (1.23)
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In this research metal promoted BEA, MFI and CHAetyeolites were studied

for NH3 based SCR of NQusing NO and NEklconversion and pO selectivity.

1.3. Necessity of high-throughput experimentation

High-throughput experiment is the exploration ofvale parameter space by
systematic variation of all single parameters dériest. A large number of parameters
influence the performance of SCR catalysts which lba broadly classified into two
categories: catalyst composition and synthesis odsthand reaction conditions. The
performance of SCR catalysts is strongly influenbgdthe catalyst composition and
synthesis methods, e.g., types of support (metaleorr zeolite), types of metal and
weight loadings of metal present in the catalyseppration method (incipient wetness
impregnation, ion exchange, etc.), calcination tiamel temperature, etc. In addition,
reaction conditions like temperature, N©@oncentration, @ concentration, reducing
agent concentration, space velocity and the presehébO also have significant effect
on the performance of SCR catalysts. Therefore ptrformance study of SCR catalyst
is a thorough understanding of the effect of catabpmposition and synthesis methods
change as well as the effect of the reaction caditchange. This complex dependence
of SCR catalytic performance on such a large nurobgarameters makes it difficult to
do a comprehensive study of them and creates atingxplatform for the use of HTE
techniqgues. HTE promotes rapid preparation, paralésting and high-capacity
information processing to speed up the search éov materials and understanding of
fundamental scientific processes. It is an excellechnique for exploring the vast
parameter space. It evaluates the performance sigmficant number of catalysts

simultaneously, predicts the design of new catalystsed on the extracted knowledge
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and optimizes the catalyst efficiently and reduttestime to commercialization. Figure-
1.5 shows the experimental strategy for HTE [11, 88 shown in Figure-1.5, HTE is a
loop that begins with the synthesis of large lilsiof potential catalyst, followed by pre
reaction catalyst characterization, performancduati@n of the catalysts, post reaction
catalyst characterization and predicting the desiga new catalyst based on the results
of catalyst characterization and performance evalna This loop continues until a

promising catalyst is found.

Synthesis of large Catalyst characterization Performance evaluation

libraries of ~ jemmt==mmmal using physical and chemical |E——r——— of catalysts using

potential catalyst analytical techniques High throughput screening
Predicting trends and designing new catalysts Post reaction catalyst
——
based on the extracted knowledge characterization

Figure-1.5: Steps of high-throughput experimentatia.

The application of HTM to heterogeneous catalysivaaces through three
different stages: primary, secondary and tertiargening. In primary screening, multiple
libraries of materials that can perform a desirathlgtic transformation are qualitatively
evaluated. Libraries that do not work are elimidaite order to focus on new classes of
promising materials called hits. Successful primacyeens may include thousands of
experiments and exploration of a broad experimesgate. Hits from primary screening

are evaluated further in secondary screening, wéssless the viability of hits as potential
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candidates. At this stage, catalysts synthetic atthand screening technologies
employed closely mimic the relevant commercial peses for the purpose of comparing
activity and selectivity of the potential catalyst#h respect to commercial catalysts.
Finally, optimized leads enter the third stage elelopment: tertiary screening. It
includes scale-up and commercial testing of catglyspilot or micro plants. The goal of
this stage is to scale up of the catalysts with dhesatest probability of success. This
greatly reduces the number of costly pilot plamsreequired [70].

In HTE catalyst libraries are investigated by desrgparallel analytical technique.
The most popular analytical technique is the saanmass spectrometry which is based
on rapidly analyzing the gases from one sample catalyst library at a time, in a
sequential manner. Another high-throughput expentale method is based on
photoionization of reaction products using tunalkl¥ lasers, known as REMPI
(Resonance Enhanced Multi Photon lonization). Tisadvantage of this technique is
that a suitable laser frequency for each speciastefest must be known and accessible.
In general, the main limitation of these technigussthat the screening time is
proportional to the library size. On the other haparallel analytical technique gathers
information simultaneously from all the elements anlibrary. FTIR imaging is a
chemically sensitive analytical technique that canalyze all library elements
simultaneously. Our group has pioneered infraregttspl imaging for the rapid HTE

analysis [69, 71-76].

HTE is practiced by a wide variety of industridbdmatories, e.g. Symyx, General
Electric, DuPont, BASF, Chemspeed, Avantium, 3Myd&a Tecan, Zymark, UOP and

others [76]. A HTR system, built in house (desdlitse chapter-2) with FTIR imaging
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system has proved efficient for the developmemi®R catalyst [5, 7, 11, 69], screening
of Ru-based NEldecomposition catalysts [77] and screening oflgstis for cracking of

military aviation fuel [78].

1.4. Research Objectives

Two HTR systems were studied in this research. ditjective of the small 16
channel parallel HTR (PSR) study was to understhadiesign criteria of a HTR system
for practical application. The goal was to extrlacbwledge for preparing a HTR system
devoid of crosstalk and back mixing of product dassed on the experiments performed
in the PSR. The main objective of the big 16 chapaeallel HTR (SSR) study was to
evaluate the performance of metal promoted zeofdesNH; based SCR of NO. The
target was to run the reaction between the readiwnperatures of 15QG-550C.
Additionally a hydrothermal treatment was perfornad~756C in SSR to investigate
the dealumination of the catalysts. In HT screenopgerating conditions of each reactor
should be similar to each other in order to comghee performances of the catalysts
reliably. A lot of efforts have been performed taka sure each reactor shows the same

activity within the experimental error.
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CHAPTER 2

Experimental Setup

2.1. Introduction

Reactor systems and analytical techniques usedhfrexperiments, catalyst
preparation, performance evaluation and charaeti®viz are discussed in detail in this
chapter. Two HTR systems were used forsNBCR of NO experiments. PSR was
initially used to test the CO oxidation reactionowéver, the main studies were
performed using SSR equipped with a FTIR imaginglital system to measure the
concentration of different gases that were produh@thg the NH based SCR of NO.
The PSR and SSR system and the modifications of §Sm are described in detail in
this chapter. Synthesis method of the catalystd us¢he PSR and SSR studies is also
described in this chapter. Finally, a brief dedanip of the catalyst characterization
technique is provided. X-ray diffraction and atomabsorption spectroscopy were

performed to understand the quality of the catal{estted in the PSR.
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2.2. High-throughput reactor

Extensive research has been performed in the lasadés toward the
development of HTR with parallel analysis techngjtie study heterogeneous catalysts
[19, 79-81]. HTR is the best choice in the discgwdrnew catalyst because of its ability
to screen multiple catalysts in a short periodimietand at the same condition. In this

section the PSR and the SSR are discussed in.detail

2.2.1. Primary screening reactor

The picture and scheme of PSR is shown in FigureThe reaction gas mixture
enters from the top of the reactor and goes to eaetof the 16 channels. Multiple mass
flow controllers (Brooks® Model 5850E) allow a widenge of feed gas concentrations,
compositions, and flow rates to be explored. Thenaokls are vertical with ID 0.38in and
height 0.24in. Quartz wool and quartz filter pap@f8VR Catalog Number 28150-897)
were used at the bottom of the channels to holc#t@yst. A quartz filter paper (VWR
Catalog Number 21431-422) placed on top of 16 cesnensured plug flow through the
catalysts. Two copper gaskets (Duniway StockroompCdart No. G-450 and G-275)
placed in between the reactor plates preventedatgalbof the gas from the reactor. A
temperature controller (Omega Engineering, Part N\G5C32K) along with a high
temperature heat tape (Omega Engineering, ParDNG051060LD) were used to heat
the reactor to the required temperature. The reagss wrapped with insulation and
aluminum foil to prevent significant heat loss. Tteactor has 16 outlets which are
connected with the gas phase array (GPA). Thetsudle stainless steel tubing with OD

1/16in (McMaster-Carr Catalog Number 51755K37).
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Figure-2.1: Primary screening reactor system

2.2.2. Secondary screening reactor

The SSR system consists of 16 parallel reactorgsnflaw controllers, bD
injection system, temperature controller, heatedatubing and FTIR imaging system as
shown in Figure-2.2 [11, 73-77]. The reaction gastume passes through an evaporative
mixer and enters the reactor system from top, whiegegas mixture is separated into
sixteen individual streams, going to each one ef 16 reactors. Multiple mass flow
controllers (Brooks® Model 5850E) allow a wide rangf feed gas concentrations,
compositions, and flow rates to be explored. Afteaction, the product gases pass

through the GPA and analyzed in parallel by FTIR@ng system.
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Figure-2.2: Schematic of Secondary screening reactsystem.

After splitting, the feed gas flows through 1/16itainless steel capillaries with
0.007in ID (Sigma-Aldrich, stock number 56717) befgassing through the reactor
tubes. Capillary tubes ensure approximately eqoeduent of flow through each reactor
tube. For a typical experiment withous® injection at 128C using 1800sccm total flow
rate through the reactor channels with heat tréioed, the capillaries provided 68psig
pressure drop. The pressure drop yielded near-gtmads pressure conditions at the

catalyst bed. The pressure drop increases withirittrease of temperature and
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injection. To decrease the pressure drop, 1/1@imlsss steel capillaries with 0.01in ID
(Sigma-Aldrich, stock number 56723) has recentlgrbénstalled in place of the old
capillaries. For a typical experiment withouf®Hinjection at 128 using 1800sccm total
flow rate through the reactor channels with heatdd lines, the capillaries provided

22psig pressure drop. Figure-2.3 shows a photografite SSR.
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Thermocouples
Capillary tubes & T'—— ]
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Cooling fans

Containing

Cartridge Heaters

Figure-2.3: A photograph of the Secondary screeningeactor.

The reactors are removable 316 grade stainlesktsbees with ¥4 in OD, 0.18in
ID and 5.5in length. The reactors are typicallydiea@ with powder catalyst samples of
150mg. To hold the catalysts in the vertically-aéd tubes, the bottom of each tube is

fitted with a stainless steel porous disc with psree of 1@m (Chand Eisenmann
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Metallurgical, part no. 102096). The discs are hamed into the bottom of tubes using a
mallet so that the bottom of each disc is levehwite edge of the reactor tube prior to
loading the catalysts. Two hollow hexagonal blo¢Bs5in length and %xin width)
compressed with o-rings (McMaster-Carr, Catalog Ben6540K165) hold each reactor
tubes inside the reactor. The o-rings are usedewept leakage of the inlet streams of the
reactors. Double-Seal Viton® Fluoroelastomer osingere chosen for good acid
resistance, fair alkali resistance and high tentpezaesistance. The reactors were heated
using 16 cartridge heaters (Watlow, Part No. G3AL2&H) placed in the hexagonal
blocks inside the bottom part of the reactor. Aesohtic of configuration of reactor tubes
and cartridge heaters is shown in Figure-2.4. jufg-2.4, all 16 reactor channels are
labeled individually from O to 15. Reactors markeih “X” are unused because the
system can handle only 16 reactors. The dashedimgablorder shows the position of

ceramic block insulation.

Reactor Heater Blank

Figure-2.4: Top view of location of reactor tube ad cartridge heater.
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Each reactor tube is fitted with K-type thermoc@ufDmega Engineering, Part
No. KMQ316SS-032U-18) placed in the catalyst best mbove the porous disc for
individual reactor temperature monitoring. The thecouples were inserted from top of
each tube through 15% graphite / 85% Vespel® fesruSGE Chromatography
Products) and capped to the tube using %in nutactBetube 12 is fitted with an
additional thermocouple to provide the temperatéeedback for the temperature
controller (Omega Engineering, Part No. CN77332-Chis thermocouple is placed
slightly above the catalyst bed to minimize thesefffof any exothermic or endothermic
catalytic reactions on the temperature controllabVIEW program (LabVIEWM 2001
Service Pack 1, National Instruments, Austin, TXSA) is used to monitor the
temperature for each reactor. A screenshot ofglogram is shown in Figure-2.5. The
response of each of the sixteen thermocouplesisrsim the left side, as well as plotted
in real-time at the center of the screen. As showlRigure-2.5, for a set point of 4%D,

temperature of reactor 0 and 15 deviate by as d&sgh 8%.
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Figure-2.5: LabVIEW program for monitoring the temperature of individu al
reactor channel.

The reactors can be operated in a temperature fagigeeen room temperature
and approximately 78C and WHSV of 0.75L/min-gm (Gas hourly space vejooif ~
10300ht"). A high-performance liquid chromatography (HPL&imp (Hitachi, L-2130)
was used for kD injection at a rate of 0.072 ml/min into the ewagiive mixer. The
mixer is a 316 grade stainless steel tube of 1lin @BYBin ID and 1ft length (McMaster-
Carr, Catalog Number 5240T15). The mixer is fillaith stainless steel washers to
increase the internal evaporative surface area.nfiker is wrapped with a heating tape
(Omega Engineering, Part No. FGH051-080) to heaniixer to a temperature in excess
of the boiling point£ 250°C) of HO at elevated pressure. The carrier gas passegthro
the mixer to combine with steam and the combinesl fgad continues through heat-
traced lines to the reactor inlet. The entire setnas completely heat-traced to avoid

condensation of O after the mixer and the reactor inlet. Sincedkleaust gas contains
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more than 5% steam and the boiling point of that gexture is more than 40 all
exhaust lines were also heated to around 6C@6 prevent the condensation ofCH

inside the exhaust streams and increase of predsype

2.3. Fourier transform infrared imaging analysis

FTIR imaging is the main analytical technique usedhese high throughput
studies [11, 73-77]. The FTIR spectrometer (Brukquinox 55) is used as an infrared
(IR) light source, GPA is used as sample gas hotohel Focal Plane Array (FPA)
detector is used as an IR detecting element. Fguehows the optical layout for the
FTIR imaging set-up. During the experiment an IRrheexits through the right port of
FTIR spectrometer and is reflected by a gold platedor to a zinc selenide (ZnSe)
meniscus lens that spreads the beam. The bearensctilimated by a barium fluoride
(BaF,) lens and is directed through the GPA, where IfR«aenolecules of the 16 reactor
effluents partially absorb IR light. Upon exitinget GPA, the IR light is focused by
another Baflens and is collimated by another ZnSe lens. Tdarbthen impinges upon
a FPA detector. All optical elements are placedm$wvo houses made of polycarbonate
sheets. The houses are continuously purged withf@® air from a purge gas generator
(Parker-Balston, Model No. 75-62) to maintain astant, reduced background signal

from atmospheric C@and water vapor.
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Figure-2.6: Optics configuration for FTIR imaging. Lens type, diameter (&), and
focal length (f) are shown.

The FTIR spectrometer (Bruker Equinox 55) is opataising OPUS (Version
4.0 Build: 4, 0, 24, Bruker Optics Inc., BillericslA, USA). In OPUS data are collected
between 4000 and 400 &mwith a resolution of 8 cth The mirror velocity is adjusted to
2850 Hz. Double sided, fast return acquisition maslechosen to get a centered

interferogram.

2.3.1. Gas Phase Array

A GPA sampling cell is used to analyze the efflugnéams from all 16 channels
of the HTR simultaneously [11, 20, 53, 69, 77]. TBPA is composed of 16 tightly
packed stainless steel tubes, each with a sepgaatmlet and outlet, and capped at each
end with IR transparent windows as shown in Fidliie-Each stainless steel tube is
30cm in length with OD 3/8in (ID 0.305in). 1/8in ODbes were welded to the walls of
the each channel as inlet and outlet. Both endshef GPA were capped by ZnSe
windows (ISP Optics, part no. AR312-ZC-W-50-3) @&.&mm in diameter with audn
anti-reflective coating, which are transparent oadarge spectral range and are inert to

most reaction gases. Double-Seal Viton® Fluoroetast o-rings were used between the

27



ends of the channels and windows to make a godd Bea inlets and outlets to each
channel of the GPA are near the windows to minintieedead volume. The GPA was
wrapped with heating tape and aluminum foil andtédado around AT to prevent the
condensation of ¥D. The IR light is transmitted through all tubesngitaneously

allowing the products from each channel of theti@ao be analyzed in parallel.

IR transparent

windows (ZnSe)

Gas in from
Gas out
reactor channels
A

IR light from

IR light to focal

spectrometer L] i plane array detector

T Gas in from Gas outl
reactor channels
Figure-2.7: Gas Phase Array (GPA) [69].

2.3.2. Focal Plane Array Detector

A Liquid Nitrogen Dewar (Santa Barbara FocalplaB8F161) with mercury-
cadmium-telluride (MCT) detector consisting ofla8 x 128 grid of pixels is used as
the FPA detector. The FPA is used to generatelaselctral image. Each pixel of the
FPA is an independent IR detector capable of ctiga full interferogram. The FPA
detector has a viewing window of diameter 25.15rimeckness 1.1mm and is operated at

a frame rate of 1610 Hz using WinIR (Version 3.0,%anta Barbara Focalplane, Goleta,
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CA, USA). The FPA can detect 16384 pixels and mc82 interferograms in

approximately one minute.

2.3.3. Quantitative IR Analysis

IR spectra of different gases were analyzed uskiylB (Just Another Image
Manipulation Program) designed in-house and GRAMS&rgion 9.1, Thermo Fischer
Scientific Inc., Waltham, MA, USA) softwares. A dahtion file is generated to

determine the unknown concentration of a gas inxaune.

JAIMP is good for calibration if the IR peaks okthases under analysis are not
overlapping, i.e. univariate calibration. The IResfpum of CQ shown in Figure-2.8 has
three distinct types of vibrational modes: bendirgsymmetric stretching and
combination bands. Bending mode is outside thectleterange of ZnSe windows and
combination bands overlap with the stretching wibramodes of water. However, the
asymmetric stretching vibration mode peak of,QI0es not overlap with any other IR
active species. Hence, a univariate calibration desloped in JAIMP and GRAMS to

predict the unknown concentration of €O

Asymmetric
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"

04 r bands ‘ 1
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Figure-2.8: IR spectrum of CO, (Reproduced from NIST Webbook).
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Univariate calibration follows the Beer's law whidtates that, the measured
absorbance value for a given spectral band of epaiinterest is linearly related to both
the concentration of the species in the sampletlaagath length of the IR light through
the sample. Beer’s law is only valid for absorbanakies < 0.1 (or low concentrations).
For higher concentrations, a non- linear term idealdto the Beer's law to improve the

calibration efficiency as shown in equation (2.1).

C = xlAZ +x2A (21)

where, C is the unknown concentration, A is the suesd absorbance angdand % are

fitting parameters incorporating both path lengtld absorptivity.

Calibration curve was generated by passing diftea@mcentrations of a gas
through the GPA and calculating the correspondegkparea in JAIMP. The calibration
curve can be a linear line or a second degree potial based on the intensity (Height)
of the peak. If the peak intensity is more than tBé calibration curve is likely to be a
second degree polynomial, rather than a straiglet lFigure-2.9 shows a calibration of
CO, using JAIMP. This calibration was then used toedeine the unknown

concentration of C®in a gas mixture.
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Figure-2.9: Calibration of CO,

GRAMS is useful for the implementation of both wamate and multivariate
calibration. The main advantage of GRAMS over JAlPhe scope of the multivariate
calibration. Multivariate calibration allows anymber of components to be analyzed and
extend the quantitative usefulness of IR analysisamplex mixtures. GRAMS utilizes
the factor-based methods of principal componentessjon (PCR) and partial least
squares 1 and 2 (PLS-1 and PLS-2) for univariateraualtivariate calibration study. The
basic principle of these methods is that, the edRr spectrum can be utilized to quantify

concentrations instead of a single spectral frequen

PCR method combines the Principal Component Amaly$CA) spectral
decomposition with an Inverse Least Squares (IL&)ression method to create a
guantitative model for complex samples. It is a-step process consists of the PCA
eigenvectors (factors) and scores (scaling coefiisi) calculation and then regression of
the scores against the constituent concentratiéinsextension of PCR is done for PLS-1

and PLS-2 where the decomposition on both the sgdeahd concentration data is
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performed simultaneously. The factors and scores maatched iteratively until the
desired number of factors is calculated. The difiee between PLS-1 and PLS-2 is that
PLS-2 calibrates for all constituents simultanepusihereas in PLS-1, a separate set of
scores and eigenvectors is calculated for eachtinoer®t of interest. Therefore, PLS-1
should give more accurate predictions than PCRL&-2. Details on all these methods
and their relative advantages and disadvantages begn discussed in great depth in

references [82-83].

In GRAMS, total number of factors used to fit thaining data set plays a very
important role. As the number of factors to moded training data set increases the
eigenvectors begins to model the system noise whglmlly provides the smallest
contribution to the data. Calibration models thatlude noise vectors or more vectors
than are actually necessary to predict the comstitgconcentrations are called overfit,
whereas models that do not have enough factorbem tare known as underfit. The
optimum number of factors is normally decided bicakating the PRESS (Prediction
Residual Error Sum of Squares) for every possibletof. PRESS is calculated by
building a calibration model with a number of fastothen predicting some samples of
known concentration (usually the training set degelf) against the model. The sum of
the squared difference between the predicted and/krtoncentrations gives the PRESS
value for that model. The smaller the PRESS vaheshetter the model is able to predict

the concentrations of the calibrated constituents.

Calibration curve is generated in GRAMS by analgzennumber of spectrag)
of different concentrations of a gas and predicthng corresponding concentration based

on the peak area. The calibration curve is a liliearas shown in Figure-2.10. Figure-
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2.10 shows the univariate calibration of £d&veloped by PCR method. This calibration

was then used to predict the unknown concentratid®O; in a gas mixture.

Predicted Concentration (%)

y =1.023x - 0.0275
R?=0.988

0.4 0.6 0.8 1 1.2
Actual Concentration (%)

Figure-2.10: Calibration of CO, developed by PCR method.

To analyze the overlapping IR spectra of NO an@® s shown in Figure-2.11,

multivariate calibration was developed in GRAMS.eThost important step in the

development of a multivariate calibration is therefal design of the calibration

experiments.
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Figure-2.11: Spectra showing overlapping IR bandsfdNO and H,O.
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The calibration data set must be designed to spen dntire expected
concentration range and the variables of interestilsl be varied independently so that
all possible interferences in the measured sigralpsesent during the calibration. For
our case, the concentration of NO was varied ovier I600ppm and that of @ over 0
to 5.5% as shown in Figure-2.12. Once the traidiaig were collected and a multivariate
calibration was developed, independent samples arak/zed with the model to validate

the calibration model.
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Figure-2.12: Multivariate Calibration of NO and H ;0.

2.4. Catalyst preparation for primary screening re&tor study

All catalysts used in PSR study were synthesizadguthe incipient wetness

impregnation technique which is extensively usethboratory scale for the preparation
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of heterogeneous catalysts [84]. Aluminum oxide gemphase, 99.97% (metals basis,
3micron APS Powder, S.A. 80-128im, source: Alfa Aesar, product no. 39812) and
Titanium(lV) oxide (nanopowder, ~21 nm particle $iz09.5% trace metals basis,
source: Sigma Aldrich, stock no. 718467) were uaedsupports. Silver nitrate, ACS,
99.9+% (metals basis, source: Alfa Aesar, prodoctlii414), Tetraammineplatinum(ll)
chloride monohydrate (source: Alfa Aesar, product 10544), Cobalt(ll) nitrate
hexahydrate, ACS, 98.0-102.0% (source: Alfa Aesgroduct no. 36418),
Tetraamminepalladium(ll) chloride monohydrate, 998.9metals basis), Pd 39% min
(source: Alfa Aesar, product no. 11036), Coppenityate hemi(pentahydrate), ACS,
98.0-102.0% (source: Alfa Aesar, product no. 125#8) Rhodium(lll) chloride hydrate,
Rh 38.5-45.5% (source: Alfa Aesar, product no. 2)O&ere used as Ag, Pt, cobalt (Co),
Pd, Cu and Rh precursors, respectively. Synthesis%e Pdf-Al,Os; using incipient
wetness impregnation technique is described belgwaa example. The naming
convention for each catalyst is based on the ndmweght loading e.g. 1% PgAIl,O3
means 1% (wt) Pd is supported @l,05. At first 0.0496gm of Pd precursor was
dissolved in 5ml of deionized water (Db®). Then, 1.98gm of-Al,O3; was added to the
solution and the solution was heated at 8%9 evaporate the J@ while keeping the
solution under stirring. After drying of J@, precursor was left on the surfaceyail,Os.
The impregnated support was then taken in anottakdy and dried in an oven at 120
for 24hours to remove 4 completely. At last, the catalysts were calciae&50C for

3h @ 3C/min.
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2.5. Catalyst preparation for secondary screeningaactor study

All catalysts used in SSR study were synthesizethguthe ion exchange
technique which is another extensively used tecaleion laboratory scale for the
preparation of heterogeneous catalysts [84]. Zediitta, ammonium (S.A. 686H,
SiOx:Al,03 = 25:1, source: Alfa Aesar, product no. 45873plide ZSM-5, ammonium
(S.A. 425m/g, SiOyAlLO; = 23:1, source: Alfa Aesar, product no. 45879)lie ZSM-

5, ammonium (S.A. 4007y, SiGy:Al.O; = 30:1, source: Alfa Aesar, product no. 45880),
Zeolite ZSM-5, ammonium (S.A. 423fg, SiO:Al,O; = 80:1, source: Alfa Aesar,
product no. 45882), Zeolite ZSM-5, ammonium (S.80#f/g, Si0:Al,0; = 200-400:1,
source: Alfa Aesar, product no. 45883) and Zedh&Z-13, ammonium synthesized at
home were used as supports. Copper(ll) nitrate (pemiahydrate), ACS, 98.0-102.0%
(source: Alfa Aesar, product no. 12523), Iron(lHjtrate nonahydrate, ACS, 98+%
(metals basis, source: Alfa Aesar, product no. 622Rlanganese(ll) nitrate hydrate,
99.98% (metals basis, source: Alfa Aesar, produst 87848), Cobalt(ll) nitrate
hexahydrate, ACS, 98.0-102.0% (source: Alfa Aegaoduct no. 36418), Nickel(ll)
nitrate hexahydrate, 98% (source: Alfa Aesar, pobdno. A15540), Zinc nitrate
hexahydrate, 99% (metals basis, source: Alfa Aggajuct no. 12313), Silver nitrate,
ACS, 99.9+% (metals basis, source: Alfa Aesar, pcoao. 11414), Indium(lll) nitrate
hydrate, In 29% min (source: Alfa Aesar, product AA8252), Barium nitrate, ACS,
99+% (source: Alfa Aesar, product no. 12194), Lantim(lll) nitrate hexahydrate,
99.9% (REO, source: Alfa Aesar, product no. 129C8rium(lll) nitrate hexahydrate,
REacton®, 99.5% (REO, source: Alfa Aesar, prodectlri329), Neodymium(lll) nitrate

hydrate, 99.9% (REO, source: Alfa Aesar, product 1#2912), Gadolinium(lll) nitrate

36



hydrate, 99.9% (REO, source: Alfa Aesar, product ©2917) and Tin(ll) chloride

dihydrate, 98% (source: Alfa Aesar, product no. &1@) were used as Cu, Fe, Mn, Co,
Ni, Zn, Ag, In, Ba, La, Ce, Nd, Gd and Sn precussoespectively. Synthesis of Zeolite
SSZ-13, ammonium and preparation of Cu-Zeolite-lbgtaon exchange technique are

described below as an example.

2.5.1. Synthesis of SSZ-13, ammonium

At first 74gm Adamantium hydroxide, 25% (sourc&ACHEM Inc. part code
2825) and 36.59gm Tetraethoxysilane, 99.9% (souktfe: Aesar, product no. 40251)
were mixed in a beaker. The solution was stirrecafohour. Then 7.5 ml of DI was
added to the solution while keeping the solutiordamstirring. After 30min 2gm
Aluminum ethoxide (source: Alfa Aesar, product #4336) was added to the solution
and the solution was stirred for 5hr to obtain anbgeneous solution. The solution was
then transferred to Teflon-lined autoclaves anddteat 148C for 6 days in an oven.
The products are recovered by centrifuging thetssiiat 13C @ 8000RCF for 20min.
The products are then dried at’@Cfor 2hr. At last the products were calcined a°65

for 8hr @ 5C/min to obtain Zeolite SSZ-13.

Zeolite SSZ-13, ammonium was obtained by ammonamexchange to Zeolite
SSZ-13. At first 4gm of Ammonium nitrate, ACS, 958tn (source: Alfa Aesar, product
no. 12363) was dissolved in 500ml of DI® Then, ~ 8gm of Zeolite SSZ-13 was added
to the solution and the solution was heated at°€ & an oil bath for 22hr while keeping
the solution under stirring. The solution was cdolnd vacuum filtered to obtain

ammonium ion exchanged Zeolite SSZ-13. The obtamssdite was washed by DI,B
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to remove residual ammonium precursor and drieshimven at 7 for 2hr to remove

H,O completely.

2.5.2. Catalyst preparation by ion exchange technige

At first 1.163gm of Cu precursor was dissolved @@l of DI H,O. Then, 1.5gm
of Zeolite beta, ammonium was added to the solutiod the solution was heated at ~
80°C in an oil bath for 2hr while keeping the solutionder stirring. The solution was
cooled and vacuum filtered to obtain Cu ion excleahzeolite beta. The obtained zeolite
was washed by DI #D to remove residual Cu precursor and dried in\aenat 126C
for 2hr to remove bLD completely. At last, the catalysts were calciaeB80CC for 2hr @

2°C/min.

2.6. Reaction conditions

Two different reactions were carried out in PSR 8&IiR. CO oxidation was used
as a benchmark reaction to validate the effectisgi¢ the PSR, while the SSR was used

to study NH based SCR of NO.

2.6.1. Carbon monoxide oxidation using primary screning reactor

The PSR was tested using the CO oxidation readdonCO oxidation reaction a
diverse library of catalysts were used. This lipreonsisted of calcined TiQcalcinedy-
Al;03, 1% Ptf-Al,03, 1% Rh{-Al,03, 1% PUTIQ, 1% Pdy-Al,0s3, 2% Aghk-Al,0O3 and
two reactor tubes without catalysts. The catalystse pretreated using an oxidation and
reduction cycle. Oxidation was carried out at %5My flowing 240sccm of ©and

560sccm of Argon (Ar) over the catalyst beds, wiile reduction was carried out at
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300°C by flowing 200sccm of hydrogen gHand 600sccm of Ar over the catalysts. The
reaction was studied at 1¥D300°C @ 20C increments by flowing 1% CO, 14% @nd

balance Ar (a total of 800sccm) over the catalysts.

2.6.2. Ammonia based selective catalytic reductioof nitric oxide using secondary
screening reactor

The SSR was studied using the NSCR of NO reaction. For NHSCR of NO
titania-vanadia was used as the benchmark catdfgstr reactors were left blank to
check the reactivity of empty reactor tubes dutimg study. The reaction was studied at
150°C, 250C, 350C and 456C by flowing 5% CQ, 8% G, 1500ppm NO, 1500ppm
NH3; and balance N(a total of 1800SCCM) over the catalysts. The tieacwas also
studied with HO or steam injection at 180, 250C, 350C and 456C by flowing 5%
steam, 5% C@ 8% Q, 1500ppm NO, 1500ppm NHand balance N (a total of
1800SCCM) over the catalysts. After successfuldaion of the SSR, NHSCR of NO
reaction was studied at 1%0 250C, 350C, 400C, 45¢C and 556C by flowing 5%
steam, 5% C@ 8% Q, 2000ppm NO, 2000ppm NHand balance N (a total of

1800SCCM) over the metal promoted zeolite catalysts

2.7. Catalyst Characterization

Characterization of the catalysts is carried outriderstand the properties of the
active phases, structures, and morphologies oflys&taprepared. X-ray diffraction
(XRD) and atomic absorption spectroscopy (AAS) weegformed during the work to

understand the quality of the catalysts testelenRSR.
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2.7.1. Atomic Absorption Spectroscopy (AAS)

AAS is a widely used technique to determine theainmintent on a support. AAS
is used as a validation technique of the synthesithod by ensuring that the measured

loading of the metal is approximately equal todlesired loading.

AAS operates on the principle that ground statematcabsorb light at a
characteristic wavelength and the amount of lightosbed at low concentration is
linearly related to the concentration of the me@tasent in the sample [85]. The atomic
absorption spectrometer used for these studies avéBerkin Elmer Aanalyst 400”
Atomic Absorption (AA) system. To determine the centration of a metal on a support
a calibration curve (Concentration vs. Absorbans@eveloped at the beginning of each
measurement, encompassing the concentration rahgeewhe absorbance is linearly
related to concentration. This concentration rataggely depends on the metal and
atomic absorption spectrometer used for the stlidg.concentration ranges of all metals
mentioned in the thesis are given in Table-2.1. d@reloping a calibration curve, the
standard solution of the metal is diluted to thogemore concentrations. An example
procedure for Pt samples is described below. Stdnstslutions of 2, 5, 10, 15, and 25
ppm Pt were prepared by diluting the stock solubdéri mg/ml Pt in 10% HCI (Acros
Organics, Product Code: 196191000). The five stahdalutions were then nebulized
into an air/acetylene flame operating near 2200@(platinum hollow cathode lamp
(VWR Catalog Number 97050-254) emitting radiatioithma wavelength of 265.95nm
was used as a light source. The light passed thrttug flame containing the atomized
sample and after being partially absorbed, wenbulin a monochromator to a

photomultiplier detector.
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Table-2.1: The concentration ranges of some metaishere absorbance is linearly
related to concentration

Metal Concentration Range (ppm)
Pt 0-25
Pd 0-5
Rh 0-7.5
Cu 0-3
Co 0-2

A digestion method was used to leach out the nfietal the support. The metal is
leached out from the support by dissolving a srmalbunt of catalyst (e.g. 25mg of 1%
Pt ony-Al,03) in 4ml of Aqua regia (HN@HCI = 1:3). The mixture is heated in an oven
at 126C for 3h. Distilled HO was added to the mixture to prepare a 25ml swiufihe
solution was allowed to settle for the separatibmmaigested support. 1ml of solution
was then taken out and 9ml of distilled@Hwas added to prepare a sample solution of
desired concentration (e.g. 10ppm Pt solution)m0.6f Lanthanum Chloride (Lag)l
solution was added to the Pt solution for stablraof Pt in the sample. As prepared
sample was tested using the atomic absorption remeeter to determine the Pt content
in the catalyst. Finally, metal content in a sampdalyst was determined using the

following formula.

Metal Content (%)

_ Conc. from AAS (ppm) X Initial dilution volume (ml) X Dilution Factor

. Weight of sample (gm) x 10000 - (2.2)
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2.7.2. X-ray Diffraction (XRD)

XRD is the most common technique used to studyctheracteristics of bulk
crystal structure and to determine the chemicaspltmmposition present in the catalyst.
XRD is an attractive characterization techniquealnse of its speed, ease of use and can
be used to perform semi-quantitative analyses. XB§uires only small amounts of

catalyst sample and it is a nondestructive tecteiqu

Crystals consist of parallel planes formed by népetarrangement of atoms in
three-dimensional space. These planes are sepdiratedne another by a distance (d),
which varies according to the nature of the maltevwhen X-rays are projected onto a
crystalline material diffraction pattern is prodddeecause their wavelength is typically
the same order of magnitude (1-100A) as the spdmhgeen planes in the crystal. For
constructive interference from successive crysgasiphic planes of the crystal lattice, the
path difference between two beams with identicalelength and phase must be equal to
an integer (n) multiple of the waveleng#) of the radiation. This is known as Bragg’s

Law:
nA =2dsiné ... (2.3)

where,2d sin 8 is the path difference between two beams @l the scattering angle.
By measuring the intensity of scattered waves dsination of scattering angle, a
diffraction pattern is obtained. Within the crysséducture, the angles of diffraction differ
for the various planes. Thus every compound or efgrshows its own somewhat unique

diffraction pattern. Where a mixture of differertgses is present, the resultant pattern is
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a summation of the individual patterns. X-ray difftion also gives some information

about mean particle size)(According to Scherrer equation:

L KA
" Bcosh

. (2.4)

where, K is the shape factor (generally 0A9 the x-ray wavelengtif, is full width half
maximum (FWHM) in radians, antlis the Bragg angle. Scherrer equation is appleabl

to nano-scale particles, grains not larger thamg@dum.

A Rigaku Miniflex 1l powder X-ray diffractometer wgaused to identify the crystal
phases and crystallite sizes present on the chtalysCu Ka source with 1.54A
wavelength was used. The voltage was set to 45kl/cammrent to 40mA. Spectra were
collected at 2 values of 3° to 90° using a step size of 0.02° 2smgber step. The X-ray
diffractometer was calibrated using a Si crystalfitml a linear correlation between
instrument line broadening ané.Zl'he instrument’s sensitivity and resolution weigh

enough to accurately characterize the crystallioftgatalysts used in this study.

43



CHAPTERS

Results and Discussion of primary screening reactastudy

3.1. Catalyst Characterization

Five catalysts were synthesized by incipient wetnespregnation methods to
study the CO oxidation reaction. AAS and XRD wemfgrmed to understand the

quality of these catalysts.

AAS was used to characterize the samples prepardtid PSR study. The AAS
analysis of 1% P#/Al,Os is given in Table-3.1. Four samples were usedhtoease the
accuracy of the result. The AAS result proved that metal content of synthesized 1%

Pth-Al O3 is approximately 1%.

Table-3.1: The AAS analysis of 1%Pt/y-Al,03

Sample Conc. Dilution Wt. of Sample Wi. Avg. Wt.
No. (ppm) factor (gm) (%) (%) Std.
1 8.671 0.0258 0.88
2 9.903 0.0257 1.01
1.05 1.16 0.23
3 11.36 0.0257 1.30
4 12.17 0.0259 1.45
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XRD was used to characterize the samples preparatid PSR study. The XRD
analysis of 2% AglrAl,Os is described below as an example. PDXL 2 (Ver&idn2.0,
Rigaku Corporation, Woodlands, TX, USA) was used/eofy the XRD patterns and
determine the particle size. Figure-3.1 shows iffeadtion patterns of 2% AgtAl,Os.
Peaks at 199 37.4, 46°, 60.8, 67° and 78.8 conforms the presence pfAl,0s. Two

peaks at 32and 39.7 represents A, with average particle size 80.6A.

6.00E+04
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5.00E+04

(400)

Ag;0,

4.00E+04

3.00E+04

Intensity (cps)

2.00E+04
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26 ()

Figure-3.1: XRD Pattern of calcined 2%Ag/y-Al ,0s.
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3.2. Validation of primary screening reactor

Results of PSR study are discussed in this secB&R equipped with a FTIR

imaging analytical system was used to test the &i@ation. The calibration and reaction

results are discussed in this section.

3.2.1. Calibration for carbon monoxide (CO) and capon dioxide (CO»)

The stretching vibrational mode peak of CO doesavetlap with CQ peaks as
shown in Figue-3.2. So univariate calibration wasdito study the calibration of CO and
CO,. PCR, PLS-1, PLS-2 and area based JAIMP methode wsed to develop the

calibration of CO and CO

0.9719  Absbance

CO,

0.80000 4

0.60000 4

0.40000 4

0,20000 4

-0.06884

3906.28 38500 300 200 [1999 58

‘' ave Mumber

Figure-3.2: The IR spectra of CO and CQ.

CO calibration developed by PLS-1 method is shawRigure-3.3 as an example.

The calibration curves for all 16 channels weraight lines with R value~ 0.8.

46



1.2 4

y = 0.9139x - 0.0359
R2 = 0.8065 4 EXpeCted
y =0.9163x - 0.0336 B Rxr-0
14 R?=0.8203
y = 0.9094x - 0.0365 A Rxr-1
R2=0.7912 o X Rxr-2
=0.9114x - 0.036 :
08 1’ R? - 0.7983 y =0.9114x - 0.0344 % Rxr-3
9 ' R2=0.8025
< y =0.9118x - 0.0372 y = 0.9092x - 0.0388 ® Rxr-4
2 R?2=0.7978 R2 =0.7831 + RurS
® 06 -y=0.9127x-0.0341 y = 0.9099x - 0.0359
s
< R2 = 0.8095 R2=0.7947 - Rxr-6
o y =0.9133x - 0.035 y = 0.9223x - 0.0089
S R2 = 0.808 R? = 0.9098 Rxr-7
T 0.4 -y=09115x-0.0311 y=0.913x - 0.0318 o Rxr-8
ket R2=0.8142 R2=0.8181
5 y =0.9105x - 0.036 Rxr-9
a ™~ R2 =0.7958
0.2 y = 0.9083x - 0.0365 Rxr-10
R2=0.7874 )
y = 0.9086x - 0.0343 Rxr-11
R2=0.795 Rxr-12
O T T T T 1
0 0.2 0.4 06 08 1 1.2 Rxr-13
T Rxr-14
0.2 - Rxr-15

Actual Concentration (%)

Figure-3.3: CO calibration developed by PLS-1 metha.

This calibration was validated by the prediction af sample of known
concentration as shown in Figure-3.4. 0.17% COrngoA (Horizontal line in Figure-3.4)
was used as the unknown sample to validate theratibn model. The prediction based
on the calibration developed by PLS-1 method detexthan average CO concentration

of 0.27% with a standard deviation of 0.008%.
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Figure-3.4: Validation of the CO calibration model.

CO, calibration developed by area based JAIMP methad wecond degree
polynomial for all 16 channels with?Rialue ~ 0.99. This calibration was validated by
the prediction of a sample of known concentratisrslaown in Figure-3.5. 0.21% GO
Argon (Horizontal line in Figure-3.5) was used he tinknown sample to validate the
calibration model. The prediction based on thebcation developed by area based
JAIMP method determined an average .Gfncentration of 0.262% with a standard

deviation of 0.0009%.
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Figure-3.5: Validation of the CO;, calibration model.

CO, calibration was more accurate than CO calibratinod was used to predict
the amount of C® produced during the CO oxidation reaction. Ovezdption was
observed for both CO and G(rediction, but the over prediction in case of ,CO

prediction is systematic, which can be subtraabedktermine the actual concentration.

3.2.2. Carbon monoxide (CO) oxidation reaction sty

CO oxidation was carried out in the PSR using &d® library of catalysts. This
library consisted of calcined TiOcalcinedy-Al .03, 1% Ptf-Al .03, 1% Rhj-Al,03, 1%
PU/TIO,, 1% Pdy-Al,O3, 2% Agh-Al,Os. All these catalysts were loaded in two channels
and two channels were left blank. The reason bethisdype of loading was to check the
reproducibility of result from two different charleeFigure-3.6 shows the IR spectra of
channel-1 loaded with calcined TiQluring CO oxidation reaction at 2@ as an

example. The left square shaped box with 17 cirshesvs the relative concentration of
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CO and CQO in real time. The color of the circle is the inator of the relative

concentration: the darker the color the highercitrecentration.
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Figure-3.6: CO oxidation reaction at 200C on calcined TiOp.

The result of CO oxidation for a single run is givieelow in Figure-3.8. The
concentration of C@was measured by using the £€alibration developed by area
based JAIMP method. As shown in Figure-3.7,,@0Ow rate in blank channels were
higher than some channels with catalysts. Thissléad conclusion that there might be a
cross talk of reaction products among the chanrsséhgse 16 channels were in close

proximity with a distance of 0.12in between twogtgioring channels.
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Figure-3.7: The result of CO oxidation for a singleun.

This finding was further validated by measuring tt@v rate of individual
channels before and after loading quartz wool asvehin Figure-3.8. From the Figure-
3.8, it was clear that flow rate of most of the miels changed before and after loading
quartz wool. This also led to the conclusion thavfrate during calibration and reaction
was not the same and hence the calibration wagatidtto study the reaction. In addition
thermocouples were not placed to monitor the teatpez of individual channels. Only
one thermocouple attached in between channels 9, &)d 10 was used to monitor

temperature and provide feedback to the temperatumeoller. As a result, it was very
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difficult to keep the temperature constant at tbep®int and take multiple readings. So

the readings were assumed to be taken at the reeguetature.
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Figure-3.8: Flow rate distribution among the channés before and after loading
quartz wool.

The only solutions to these issues were to workaodifferent reactor of 16
channels having physical separation to preventstatis of flow and temperature.

Therefore, this reactor was excluded from any gr#tudy.

3.2.3. Conclusion

The PSR was used to study the CO oxidation reacfiba calibration of CO and
CO, was good because of the uniform distribution o gextures throughout the reactor
during calibration. The reaction results were raits§actory because of the crosstalk of
temperature, back mixing of the product gases éma fate redistribution among the

channels. The SSR with 16 separate parallel reabimmnels might be a better choice to
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pursue this study, because in the SSR, each reatteris fitted with thermocouple for
individual reactor temperature monitoring. Sma#irdeter (0.01in) capillaries are placed
before each reactor channel to ensure similar fiaes through each reactor tube and to

prevent back mixing of the product gases.
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CHAPTERA4

Results and Discussion of secondary screening reacstudy

4.1. Calibration study

Calibrations used in SSR study are discussed ssction. Both univariate and
multivariate calibration was employed to study tesult of N SCR of NO. The

calibrations and validation of those calibrations discussed in this section.

4.1.1. Effect of integration time on Calibration

Univariate calibration was used to investigatedfiect of integration time on NO
calibration. Two different integration times i.e086375msec and 0.062125msec were
used. The objective of this investigation was tgrove the lower limit of detection

(LLD) and lower limit of quantification of any IRcéive molecule [86].

PCR, PLS-1, PLS-2 and area based JAIMP methods ussé to develop the
calibration of NO. The NO calibration curves deysd by PLS-1 method (integration
time 0.046375msec and offset 240) for all 16 reaoteere straight lines with’Rialue~
0.94 — 0.99. This calibration was validated by grediction of a sample of known
concentration as shown in Figure-4.1. 66ppm NO in(Hbrizontal line in Figure-4.1)
was used as the unknown sample to validate theratibn model. The prediction based
on the calibration developed by PLS-1 method ddtexchan average NO concentration

of 57ppm with a standard deviation of 20ppm.
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Figure-4.1: Validation of the NO calibration modelfor integration time
0.046375msec.

The NO calibration curves developed by PLS-1 mettioiggration time 0.062125msec
and offset 245) for all 16 reactors were also ghtalines with B value~ 0.95 — 0.99.
This calibration was validated by the predictionaosample of known concentration as
shown in Figure-4.2. 66ppm NO inyNHorizontal line in Figure-4.2) was used as the
unknown sample to validate the calibration modehe Tprediction based on the
calibration developed by PLS-1 method determinedaae@rage NO concentration of
59ppm with a standard deviation of 6ppm. Calibratiteveloped with integration time
0.062125msec showed better predictions with sni@afidard deviation and was used for

further studies.
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Figure-4.2: Validation of the NO calibration modelfor integration time
0.062125msec.

4.1.2. Univariate calibration for Ammonia (NHs)

The IR spectrum of NE shown in Figure-4.3 has three distinct types of
vibrational modes: symmetric and asymmetric bendingd stretching. Stretching mode
overlaps with the stretching vibration modes ofOHand asymmetric bending mode
overlaps with the bending mode ot® and the asymmetric stretching mode of ,NO
However, the symmetric bending vibration mode pelakiH; does not overlap with any

other IR active species.

AMMONIA
Absorbance INFRARED SPECTRUM

Symmetric

Bending
wr Asymmetric

Bending

| T W
‘v—v——f““"M —————————t——— kbl |

3000, 000, 1000,
Wavenumber (em-1)

Figure-4.3: IR spectrum of NH; (Reproduced from NIST Webbook).
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Since this peak is close to the detection limiZzoBe windows, a portion of that
peak area was used to develop a calibration of MHGRAMS. The reason behind
choosing a portion of the peak instead of the cetepgbeak is that, close to wavenumber
cutoff region of the ZnSe windows signal to noiaga is very high. PLS-1 method was
used to develop the univariate calibration of NH the concentration range of O to
1500ppm. The calibration curves for all 16 reactwese straight lines with Rvalue ~
0.94 — 0.99This calibration was validated by the predictionl&8ppm NH in N,. The
prediction based on the calibration determined\erage NH concentration of 131ppm

with a standard deviation of 46ppm.

4.1.3. Multivariate calibration for Nitric Oxide (N O) and water (H,O)

PLS-1 method was used to develop the multivariatdbration for NO and kD.
The NO calibration curves for all 16 reactors wstraight lines with Rvalue~ 0.95 —
0.98, whereas, #D calibration curves for all 16 reactors were agaight lines with R

valuex 0.87 — 0.95.

This calibration was validated by the prediction s&mples of known
concentration as shown in Figure-4.4. The predictucentrations are given below in
Table-4.1. The difference between expected andigiest concentration based on the

calibration was 5 - 44ppm for NO and 0.1 — 0.6%HgD.
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Table-4.1: Predicted concentrations of NO and kD

Actual concentration

Predicted concentration

0% H,O 156ppm NO HO (%) 0.3+0.2
NO (ppm) 172 + 26

0% H,0 1102ppm NO KD (%) 05+0.2
NO (ppm) 1089 £ 31

2% H,O 156ppm NO HO (%) 21+0.4
NO (ppm) 141 + 34

2% H,0 1102ppm NO KO (%) 1.8+0.5
NO (ppm) 1107 + 29

4% H,0 156ppm NO HO (%) 41+0.1
NO (ppm) 112 £ 58

4% H,0 1102ppm NO KO (%) 43+0.3
NO (ppm) 1097 + 23

5.5% HO 156ppm NO HO (%) 49+0.3
NO (ppm) 182+ 77

5.5% HO 1102ppm NO KD (%) 5.4+0.2
NO (ppm) 1119 £ 35
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Figure-4.4: Validation of the multivariate calibration model.

4.2. Reactor study

Reactions carried out in SSR are discussed insd#gson. NH SCR of NO was
studied in SSR with or without J@ injection. Results of those reaction studies are

discussed in this section.

4.2.1. Nitric Oxide Reduction without water injection

NH;3; SCR of NO without KO injection was used as the benchmark reaction to
validate the SSR. Titania-vanadia was chosen asatadyst for NH SCR of NO. The
NO conversion of titania-vanadia is 80-90% at 360°€ [55, 57-58]. Twelve reactors

(Reactor no. 1-6, 9-14) were loaded with titaniaadia and four reactors (Reactor no. O,
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7, 8, 15) were left blank during the study. Thenflate distribution among the channels
is shown in Figure-4.5. The average flow rate wi8.8sccm with a standard deviation

of 20.4sccm.

160 -
140 -
120 -
100 -
80 -
60 -

Flow Rate (ml/min)

40 -
20 -

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Reactor No.

Figure-4.5: Flow rate distribution among the reactos.

The reaction was studied at £80 250C, 350C and 458C for both ramps up
and down of temperature. NO conversion in reactfor®oth studies is shown below in
Figure-4.6 as an example. During ramp up, NO caierrwas very low at 15CQ (16.08
+ 5.01%). NO conversion increased with the increafetemperature and reaches
maximum at 358 (104.27 + 2.99%). Above 38D NO conversion starts to decrease,
but NO conversion is still > 80% at 4&8Dwhich is in agreement with the literature [55,
57-58]. During ramp down, NO conversion was > 80%480FC. NO conversion
increased with the decrease of temperature andhesamaximum at 35C (111.01 +

1.88%). Upon further decrease NO conversion startiecrease and reaches minimum at
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150°C (18.88 + 0.7%). The variation in NO conversiosetyed at different temperatures

is within the experimental error.

120.00

-_—y
100.00 - 2 RN
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Figure-4.6: NO conversion in reactor-5.

The main reason of SSR study was to check the depiility of the NO
conversion result by comparing the NO conversiordifferent reactors loaded with
titania-vanadia at different temperatures. NO cosioa for both studies is given below
in Figure-4.7. Both ramp up and ramp down stud@kwed the same trend as was
observed in case of reactor-5. The standard dewiaghown at different temperatures
might be a result of titania-vanadia not being anbgeneous catalyst. Titania-vanadia
(commercial) monolith catalyst was crushed to paw@®t sieved) and used in these
studies. Therefore, the nonhomogeneous titaniadiareatalyst showed some variation
in NO conversion at different temperatures whicHigplayed as the error bars in Figure-

4.7. However, NO conversion was > 80% at%85and 456C for all reactors containing
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titania-vanadia catalyst. This validates the effectess of the SSR. Some NO conversion
was also observed in the blank reactors. Staiskess being a weak catalyst of B HCR
of NO might be reason behind this conversion. Téugation in NO conversion observed

in different blank reactors might be consequenceiftérent flow rates in different blank

reactors.
Ramp up Ramp down
120.00 -~ 120.00 -~
100.00 - f} 100.00 - i
! '
& 80.00 - [ < 80.00 - \
5 ! § :
£ 60.00 - | — &= Titania- S 60.00 - | — &= Titania-
2 vanadia z vanadia
8 8
g 40.00 - == Blank g 40.00 - == Blank
\
/ A
20.00 -+ ;- 'i 20.00 - i
0.00 . T ) 0.00 T . )
0 200 400 600 600 400 200 O
Temperature (°C) Temperature (°C)

Figure-4.7: NO conversion at 158C, 250°C, 350C and 450C.

There is a weak relationship between flow rate W@conversion at 15C and
250°C in reactors loaded with titania-vanadia. Gengrdilithe flow rate is small, NO and
NH; residence time on the catalyst bed is high whesults in high NO conversion. This
is evident in Figure-4.8 shown below. As sown igufe-4.8 the relationship is stronger

at 250C than the 15{C.
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Figure-4.8: Relationship between flow rate and NOanversion at 156C and 250C.

NHs; conversion was also determined for the above esudi conversion in
reactor-14 for both studies is given below in Fegdr9 as an example. During ramp up,
NH3 conversion was very low at 1%D (3.94 + 4.78%). Nklconversion increased with
the increase of temperature and reaches maximuBs@€ (95.43 + 5.06%). Above
35(°C NH; conversion starts to decrease, butsNidnversion is still > 80% at 4%0.
During ramp down, Nkl conversion increased with the decrease of temyrerand
reaches maximum at 3%D (87.57 + 3.96%). Upon further decrease sNi¢nversion
starts to decrease and reaches minimum &iCLED.79 + 3.75%). The variation in NH

conversion observed at different temperaturestisimvthe experimental error.
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Figure-4.9: NH3; conversion in reactor-14.

NH3 conversion in all the reactors was also studied&h ramp up and down of
temperature and shown below in Figure-4.10. Bothpraip and ramp down studies
followed the similar trend as was observed in cabeaeactor-14. In case of NH
conversion, high standard deviations were obseduedo NH symmetric bending mode
peak being close to wavenumber cutoff region (~ 80Y)cHowever, NH conversion at
350°C and 456C was > 80%, which is in agreement with the staiotetry of the

reaction (1.17).
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Figure-4.10: NH; conversion at 156C, 250C, 350°C and 45CC.

4.2.2. Nitric Oxide Reduction with water injection

NH3; SCR of NO with HO injection was also studied in the SSR with tani
vanadia in twelve reactors (Reactor no. 1-6, 9ait) four blank reactors (Reactor no. 0,
7, 8, 15). The reaction was studied at 230250C, 350C and 450C. NO and NH
conversion in reactor-2 is shown below in Figurgl4as an example. NO and AH
conversion was very low at 18D. NO and NH conversion increased with the increase
of temperature and reaches maximum at’@5@\t 450C NO conversion was 97.38 +
5.77% and NH conversion was 98.65 + 2.72%, which is in agredmeith the

stoichiometry of the reaction (1.17).
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Figure-4.11: NO and NH; conversion in reactor-2.

Reproducibility behavior was also studied in thisdy. NO and NH conversion
for this study is shown below in Figure-4.12. Bdt® and NH conversion followed the
similar trend as was observed in case of reactdir-&as observed that, NO and BH
conversion was low in case ob® injection. This might be a result of the deadiva of
the catalysts due to aging (~5 days) of the cawlystthe reactors. High standard
deviations were observed in case of N\N¢bnversion due to NHsymmetric bending
mode peak being close to wavenumber cutoff regio®@0cm'). The signal to noise

ratio being high in that region introduces thiserr
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Figure-4.12: NO and NH; conversion at 156C, 250C, 350°C and 45CC.

4.2.3. High Throughput Catalyst Screening

A high throughput catalyst screening was perforfioedNH; based SCR of NO with 4@
injection in SSR. During the screening 25 metahpoted zeolite catalysts were tested in
3 batches. Cu-Zeolite beta (Cu-Zeolite-BEA) wasduae the reference catalyst for these

tests. The results of these tests are describedvbel

In the first batch Ag, Ba, Ce, Co, Cu, Fe, Mn, Bih and Zn promoted Zeolite-BEA
catalysts were tested at 580 450C, 350C, 250C and 156C. After fresh evaluation of
the catalysts a hydrothermal treatment was caroed at 756C for 16hours. Then
catalysts were tested again at ¥50450C, 350C, 250C and 156C. For Cu-Zeolite-

BEA, NO conversion was very low at 58D (0%). NO conversion increased with the
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decrease of temperature and reached maximum 8€23@ter 250C, NO conversion
started to decrease, but NO conversion was 65%@€1 After hydrothermal treatment
NO conversion followed the same trend, but NO ceosive was much higher after
hydrothermal treatment as shown in Figure-4.13tl@nother hand, Nfconversion was
~100% at 550C-250C before and after hydrothermal treatment. At higimperature

NH;3; oxidizes and forms NQwhich results in high N conversion and low NO

conversion [65].
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Figure-4.13: NO and NH; conversion on Cu-Zeolite-BEA before and after
hydrothermal treatment.

N2O production was also studied for Cu-Zeolite-BEAef@e hydrothermal treatment
higher N20 production was observed at @50vhile after hydrothermal treatment higher

N20 production was observed at 25Gs shown in Figure-4.14.
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Figure-4.14: NO production on Cu-Zeolite-BEA before and after hyaothermal
treatment.

Among the other catalysts tested in batch-1, Ag,8a, Ni and Zn promoted Zeolite-
BEA catalysts showed high NO conversion at “¢5@> 60%) while Co, Fe and Sn
promoted Zeolite-BEA catalysts showed high NO cosiem at 350C as shown in

Figure-4.15.
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Figure-4.15: NO conversion on metal promoted Zeokt-BEA catalysts.

After hydrothermal treatment, Ag, Ba, and Zn proedoZeolite-BEA catalysts showed
high NO conversion at 480 while Mn and Ni promoted Zeolite-BEA catalystowsied
high NO conversion at 380 as shown in Figure-4.16. After hydrothermal tmeeit,
some channels were plugged due to the formaticanmohonium nitrate in the reactors
and/or capillary tubing. Hence the performancearhs catalysts was not possible to be

determined.
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Figure-4.16: NO conversion on metal promoted Zeol-BEA catalysts after
hydrothermal treatment.

In the second batch Ag, Cu, Gd, In, La and Nd prteeh@eolite-BEA and Cu promoted

ZSM-5 catalysts were tested. Cu-Zeolite-BEA showmdilar activity before and after

hydrothermal treatment. Among the other catalysssed in batch-2, Ag, Gd, In and La
promoted Zeolite-BEA, Cu-ZSM-5 (23:1) and Cu-ZSM&D:1) catalysts showed high
NO conversion at 38C - 450C while Cu-ZSM-5 (30:1) catalyst showed high NO
conversion at 25 as shown in Figure-4.17. Nd-Zeolite-BEA and CuvES(200-

400:1) did not show good NO conversion.
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Figure-4.17: NO conversion on metal promoted Zeokt catalysts (Batch-2).

After hydrothermal treatment, some channels wengged again due to the formation of
ammonium nitrate in the reactors and/or capillabjing. Hence the performance of some
catalysts was not possible to be determined. ThecblYersion on rest of the catalysts
was low as shown in Figure-4.18. A reason behimsl rtight be the long hydrothermal

treatment period due to the failure of the tempeeatontroller.
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Figure-4.18: NO conversion on metal promoted Zeokt catalysts (Batch-2) after
hydrothermal treatment.

In the third batch Cu-Zeolite-BEA, Cu-ZSM-5 (80:u-SSZ-13, Fe-SSZ-13, Cu-Ag-
SSZ-13, Cu-Ba-SSZ-13, Cu-Fe-SSZ-13, Cu-La-SSZ-18 @n-Mn-SSZ-13 catalysts
were tested. Cu-Zeolite-BEA showed similar activitgfore and after hydrothermal
treatment. Among the other catalysts tested infbatadCu-SSZ-13, Fe-SSZ-13, Cu-Ag-
SSZ-13, Cu-Fe-SSZ-13, Cu-La-SSZ-13 and Cu-Mn-SSZ&t8lysts showed high NO

conversion at 25 - 450C while Cu-ZSM-5 (80:1) catalyst showed high NO
conversion at 351C — 450C as shown in Figure-4.19. Cu-Ba-SSZ-13 did notxshood

NO conversion.
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Figure-4.19: NO conversion on metal promoted Zeokt catalysts (Batch-3).

After hydrothermal treatment, most of the chanmedse plugged due to the formation of
ammonium nitrate in the reactors and/or capillafying and the pressure drop rose to
90psig. 10 Capillary tubing were changed to de@dhe pressure drop to 22psig. NO
conversion on all the catalysts was almost saméedsre hydrothermal treatment

(Figure-4.20).
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Figure-4.20: NO conversion on metal promoted Zeokt catalysts (Batch-3) after
hydrothermal treatment.

4.2.4. Conclusion

SSR was used to study NIBCR of NO reactions with or without,@ injection.
Multivariate calibration of NO and # and univariate calibration of NHind NO was
developed to determine NO and pNebnversion and O production respectively. It was
observed that, NO and NHonversion on titania-vanadia at 360and 450C was >
80%, which is in agreement with the literature [5%;58]. This proves the stoichiometry
of the reaction and validates the effectivenegh®fSSR. SSR was also used to study 25
metal promoted zeolite catalysts. Cu-Zeolite-BEAg-£Zeolite-BEA, Cu-SSZ-13, Fe-
SSZ-13, Cu-Ag-SSZ-13, Cu-Fe-SSZ-13, Cu-La-SSZ-18 @u-Mn-SSZ-13 catalysts

showed good NO conversion at 250-Z50and can be a good SCR catalyst.
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CHAPTERS

Conclusion and Future works

5.1. Conclusion

NH3; based SCR of NO is an important reaction in autmles in the context of
air pollution. As the EPA regulation becomes mdregent the necessity to reduce NO
in oxidizing atmosphere becomes more challengirigs @rives the discovery of new
catalyst for NH based SCR of NO. New catalysts are continuoushgteunder different
flue gas condition to meet the requirements of ERAR (e.g. SSR) allows us to study

multiple catalysts at the same condition and fetés the discovery of new catalyst.

In this research two HTR systems were studied. €i@ation study performed in
PSR enabled us to understand the design criteripramftical HTR system devoid of
crosstalk and back mixing of product gas. On theeohand, NH based SCR of NO
reactions with or without D injection was studied using SSR. Multivariatalraltion
of NO and HO and univariate calibration of NHvas employed to determine NO and
NHz conversion respectively. NO and Nonversion on titania-vanadia at 860and
450°C was > 80%, which proves the stoichiometry of thaction and validates the
effectiveness of the SSR. 25 metal promoted zechtimlysts were also studied. Cu-
Zeolite-BEA, Ag-Zeolite-BEA, Cu-SSZ-13, Fe-SSZ-13)-Ag-SSZ-13, Cu-Fe-SSZ-13,
Cu-La-SSZ-13 and Cu-Mn-SSZ-13 catalysts showed g¢Odconversion at 250-480

and can be a good SCR catalyst.
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5.2. Upcoming industrial project

SSR will be used to study 50 samples supplied bya@mstrial company for Ngd
SCR of NO. The catalysts will be tested for longds and their SCR catalytic activity
and deactivation will be investigated. The SCR qanfince of catalysts will be
evaluated at 7 different temperatures three times the entire study. Hydrothermal
aging of the catalysts will be performed at eleslamperatures to find out the stability
of the catalyst in harsh condition. Inlet and autlencentration of NO, N& N,O, NH;
will be measured to determine the conversion ofa#h@ NH; and selectivity of BO and
NO,. Temperature and WHSV will also be monitored teakththe correlation between

flow rate, temperature and conversion in differeaictors.
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APPENDIXA —Data Collection and preliminary processing
Data is collected by using WinIR and preliminarpgessing of data is done by
JAIMP designed in-house. In OPUS, the spectralluéso, interferometer mirror speed,
and the total number of data points collected ptarierograms are interrelated. So, all
parameters were adjusted simultaneously. The sasgale time and background scan
time is set to very high numbers, so that the spewter does not go into idle mode in

the middle of data collection, which might manifasta shift in the interferogram.

In the WinIR gain determines the signal to noiderasain is chosen as 0 (zero)
to minimize the signal to noise ratio. The inteynsf the interferogram as shown in
Figure-A.1 is determined by integration time andseff higher the integration time
higher the intensity. However, the integration tism®uld not be high enough to saturate
the detector. In video save section 32grabs and I&#nmes to capture per grab are
chosen to utilize the maximum frame grabbing cdpaafithe FPA detector and to get a

file of 61440 frames.
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Figure-A.1: Intensity of the interferogram in WinIR .

The data collected by WinIR is an image (.img).filéhis file is preprocessed
using JAIMP to get rid of the bad pixels, resultengeduced size of image (.ppimg) file.
The bad pixels that do not contain interferogrames taose blocked by the 316 grade
stainless steel plates compressing the ZnSe windowise GPA tubes. Therefore, the
only regions in the images with true interferograans those associated with the GPA
tubes. This file is then separated to 32 interfeaoygfiles by JAIMP to remove the bad
interferograms based on the shift of the interfemogfrom the center as shown in Figure-

A.2.
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Figure-A.2: Shift of the interferogram from the center.

The good interferograms are Fourier transformed @atided in JAIMP to get
the transmittance spectra. Background transmittapeetra are collected by flowing
only N, through the GPA, while other transmittance speate collected by flowing
different gas mixtures through GPA. The absorbapesctra are obtained by taking the
ratio of any transmittance spectra to the backgioés shown in Figure-A.3 the usable

wavenumber range is ~ 4000-900tm
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Figure-A.3: The absorbance spectra of NO and CO.
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A mask (.msk) file is prepared in JAIMP to spedifie position of each channel
of the GPA in pixels. Using the mask file and wawaber range of a peak, the area of
the peak can be calculated. The mask is also astdrisform the absorbance spectra to

spectroscopic data (.spc) file which can be reaGBAMS.
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APPENDIXB —Wavenumber Calibration

A wavenumber calibration is necessary to matchftame numbers with the
wave numbers. This was done by using absorbanadrapef NO, CO and CO The
frame numbers corresponding to the peaks werefreadJAIMP and the corresponding
wave numbers were taken from National instituteStdndard and Technology (NIST)
chemistry web book. The calibration is shown inufggB.1. The calibration determines

the left and right wavenumber in the x axis of JAIM
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Figure-B.1: Wavenumber calibration.
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