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Abstract

High throughput synthesis and screening method® \adopted for the search of new noble
metal free oxide catalysts for the selective pr@paombustion in the presence of CO. The
CeylisCrsg catalyst was found as the best performing fronmaer composition spreads.
Through special optimisation routine, catalystshsas CeyTisgCrgD3 (D = Sc, Si, Tm, Gd)
were found highly active. Finally, it was found th@eoTisoCr.dGhAgo 01 Shows very high
propane conversion of about 87% and,¥Crs75 is found as completely selective propane

oxidation catalyst with conversion of 43%.

Hochdurchsatzsynthese und ,Screening“-Methoden ewrdir die Suche nach neuen
edelmetalfreien Oxidkatalysatoren fur die selekfirepanverbrennung in Anwesenheit von CO
eingesetzt. Der Katalysator 4£€i5oCrsg wurde als bester Kandidat aus ternaren
Zusammensetzungsraumen ermittelt. Durch die Optimgsstrategien wurden hoch aktive
Katalysatoren, wie GeTisdCrgD3 (D = Sc, Si, Tm, Gd), identifiziert. Schlie3lichuvde
entdeckt, dass G&isoCrdGdsAgo 01 €inen sehr hohen Propan Umsatz von ungefahr 87%
aufweist und der KatalysatorgfCrs7 s Propan vollstandig selektiv mit einem Umsatz v8fo4

oxidiert.
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Chapter 1 Introduction

1 Introduction

The catalytic combustion of hydrocarbons has rexkinuch attention because it is a very
important technology for the energy production ims gurbines and in emission control in
automotive exhaust catalysts [1]. The emission I$ewé hydrocarbons, CO and NGrom
automobiles have decreased by more than 90% dwecmtroduction of catalytic converters [2,
3]. Improvement of urban air quality during thetldecades is mainly due to the decisive role of
catalysis. Presently, exhaust regulations emphawsiseeduction of hydrocarbon emissions.
Between 50 and 90% of total hydrocarbons from modmrs with three way catalysts are
released during the start of the cold engine whercatalyst temperature still is low [2, 4, 5, 6].
The light off occurs typically between 250°C to 300[7, 8]. Catalytic oxidation of
hydrocarbons has become also the focus of basi@pplied catalysis research because of its
importance in industrial processes [9, 10, 11].alToidation of lean and near stoichiometric
hydrocarbon-air mixtures has received great interesthe contest of catalytically aided
combustion for power generation [9]. The majorifyaatomobiles and trucks use spark ignited
gasoline engines to provide power. Gasoline bleoasist of mixtures of paraffins and aromatic

hydrocarbons which combust in air at very highaaéfncy [4].

Gasoline + air —» Co + H,O + heat

Due to incomplete combustion, typical exhaust gasdéise normal operating engine contain also
CO, hydrocarbons and nitrous oxides. Because ofldhge vehicle population, significant
amounts of hydrocarbons, CO and ,N#De emitted to the atmosphere. The formation otigd
level ozone occurs due to the interaction of hydrobons, N@ and sunlight. When stagnant air
masses linger over urban areas, the pollutantshele in place for longer periods of time.
Sunlight interacts with those pollutants and forgneund level ozone. Thus to meet current
emission standards, catalytic converters for coteptidation of hydrocarbons are required
[12].
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1.1 Emission standards

Class Engine size Implementation | HC HC + NOx (6{0)
(cc) date (g/km) (g/km) (g/km)

Class | less than 170 2006 1 - 12
Class Il 170 - 279 2006 1 - 12
Class llI 280 and above | 2006 . 1,4 12

2010 - 0,8 12
Table 1-1 Emission standards of highway motorcyclezdopted by EPA
Tier Year CO HC NOy HC + NOyx | PM

(g/km) (g/km) (g/km) (g/km) (g/km)
Euro 1 July 1992 2,72 - - 0,97 0,14
Euro 2 Jan 1996 2,2 - - 0,5 -
Euro 3 Jan 2000 2,3 0,2 0,15 - -
Euro 4 Jan 2005 1,0 0,1 0,08 - -
Euro 5 Sep 2009 1,0 0,1 0,06 - 0,005
Euro 6 Sep 2014 1,0 0,1 0,06 - 0,005
Table 1-2 European emission standards of gasolingiden passenger cars
Tier Year CO HC NOy HC + NOyx | PM
(g/km) (g/km) (g/km) (g/km) (g/km)

Euro 1 Oct 1994 2,72 - - 0,97 -
Euro 2 Jan 1998 2,2 - - 0,5 -
Euro 3 Jan 2000 2,3 0,2 0,15 - -
Euro 4 Jan 2005 1,0 0,1 0,08 - -
Euro 5 Sep 2009 1,0 0,1 0,06 - 0,005
Euro 6 Sep 2014 1,0 0,1 0,06 - 0,005
Table 1-3 European emission standards of gasolingiden light commercial vehicles (Category N1 — I)

The U. S. Environmental protection agency is ashgptnore stringent emission standards for

gasoline engines. The standards are based on caligpaequirements adopted in California.
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The tables 1-1 to 1-3 show new exhaust standardsgbf way motorcycles and automobiles
[13].

These standards are expected to be met througbasenl use of technology. These standards
will help to reduce the public exposure to emissiamd help to avoid adverse health effects
associated with ozone and particulate matter lametisrms of respiratory illness. Also, it is very
clear from the tables that the allowable limitdgtirocarbons are far below than CO limits. This
may be due to the high odour of hydrocarbons andy€Qililuted due to the engine operation in
the open atmosphere. It is well known that CO axahais rather facile at low temperatures
when compared to hydrocarbon oxidation and it igllehging to reach this low hydrocarbon

limits with excess of CO in the exhaust.

1.2 Propane combustion

Based on stringent emission regulation for hydroocas emissions, here we try to focus on
propane combustion as model hydrocarbon. Intenssearch is going on to find better catalysts
for propane combustion. This section deals with shene to get an overview of propane
combustion catalysts. Numerous studies have bgmmtesl on catalytic combustion of propane
as model for volatile hydrocarbons over differerggious metals. Platinum is the most widely
used catalyst for the combustion of propane [14-38pported noble metal catalysts, especially
supported palladium and platinum catalysts, areandEgl as promising catalysts [1]. The
catalytic performance of supported catalysts isiSantly modified by support materials. The
support effects on catalytic performance of platingatalysts for low temperature propane
combustion have been investigated [1, 29-31]. Bssplatinum, transition metal oxides [32-35],
perovskite type oxides [33, 34, 36], metal dopealites [37], metal doped solid super acids [23]
and highly dispersed Au catalysts [38] are activiotal oxidation. Yu Yao investigated propane
oxidation in the temperature range from 200 to £58hd found Pt to be better catalyst than Pd
and Rh [39]. Similar results were obtained by Md&acet.al. [35] and by Hodnett and co-
workers [40], who found that the reaction startds@°C over a Pgtzeolite catalyst. Maier and
co-workers [41], however, found that Pd is moravacin comparison whereas for oxidation of
higher hydrocarbons Pt is the most active catalysinsition metals oxidise propane at 250°C or
higher temperatures [42].
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Partially oxidised palladium catalysts were effeetifor propane combustion [43] and it is
observed that catalyst performance of supportethggam catalysts can be improved by the
selection of acid strength of support materialsltain the proper oxidation state of palladium
for the desired reaction conditions [44, 45]. Istik et.al. [23] showed that $O- ZrO, a solid

super acid is superior as support material and esigd that the acid strength of support

materials has an effect on the catalytic performasfcsupported platinum catalysts [23].

The most active single metal oxide catalysts fonglete oxidation of variety of volatile organic
compounds are the oxides of Cr, Mn, Fe, Co, Ni@nd 46-49]. They were deposited on metal
grid supports by wet impregnation methods. Thesgdlype semiconductor oxides and are able
to adsorb oxygen by donating an electron from thetaincation. This process leads to a
formation of electrophilic oxygen species,{Q0) known to be active in deep oxidation. For
these reasons these p-type oxides were used ae actnponents deposited on metal grids
supports and tested for catalytic activity of tqiedpane oxidation. Here cobalt oxide was found
to be most active catalyst for propane oxidatiomsTagrees with results reported by different
authors [34, 50, 51, 52] The activity order was@o> Mn;O, > Cr,O3 > CuO. Cobalt oxide
supported on modified Ni grids was found be to laesive catalyst for propane oxidation and its

activity enhanced by reduction with idrior to reaction [49].

Kiwi Minisker et.al. [17] found that platinum andalfadium supported on different glass fiber
(Ti, Zr and Al) optimised with improved porosity @rspecific surface areas are effective
combustion catalysts. Compared to Pd, Pt was fothel better catalyst with ignition
temperatures in the range of 200 — 220°C. Modificabf glass fiber supports by titania or
zirconia lead to very high propane conversion afrtye100% with a short residence time of*10
seconds. Further Garetto et. al. [20] report treatliie supported platinum catalysts are more
active than alumina supported catalysts. The Rttessuperiority was attributed to their ability

to maintain higher concentration of propane attieg¢al support interface.

Yazawa et.al. [21, 27] investigated the variationreaction rate with large number of metal
additives on Pt/AlO; and found that intrinsic catalytic activity incees with electronegativity
of the additive. Further several authors have @sed that small amounts of $@ver Pt/AbOs3
can promote the catalytic combustion of propane P 25]. The effect of SOis support
specific and not confined to the catalyst itsedfcéuse it facilitates dissociative chemisorption of
propane at the Pt/ADs interface [16]. Burch et. al. [24] found that Sénhhances the catalytic

4
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activity of propane over alumina supported Pt gatalbut no influence over silica supported Pt

catalyst.

Generally, noble metal based catalysts have highbostion activity, but they are more

expensive and prone to deactivation by poisonidg. [8houdhary et.al. found that a Mn doped
zirconia catalyst is the most promising catalyst éombustion of dilute propane. Propane
combustion activity of this catalyst is stronglylirenced by the precipitating agent (tetramethyl
ammonium hydroxide) used in the catalyst syntheédis/Zr ratios of the catalyst, calcination

temperature of the catalyst and the crystallinespttd ZrQ (monoclinic or cubic phase) [19].

Propane combustion activity reaches maximum witbekent long term stability with a Mo
promoted Pt/AlO; catalyst with inverse opal structure in micro amelnreactors [53]. The
temperature to reach maximum conversion was ab@dtCl lower than the catalyst prepared

without inverse opal structure in the fixed catalysd [21].

1.3 Carbon monoxide combustion

This section deals with catalysts of high CO contibnsactivity. Low temperature CO oxidation
catalysts have received attention in recent yeaestd stringent emission regulations such as
super low emission vehicles (SULEV) and zero enaissiehicles (ZEV). Nano structured gold
catalysts possess unique low temperature oxidawbivity and are resistant to moisture. The
major drawback of this gold catalyst is very lownfeerature stability and practical applications
in exhaust purifications are limited due to cogt-f%]. In last several years, CuO and@pin
particular have been the focus of many researamesadhigh CO oxidation activity and also low
costs. It has been reported that CuO-E£efdalysts are comparable with noble metal catalgst
CO oxidation, and that some Co based catalystb#xhiltra low light off temperature of -63°C
for CO oxidation [57, 58]. Luo et.al. found thateastructured CuO-Ce@xhibits high activity
for CO oxidation and CO adsorbs as carbonyl andrtate carbonate species on the surface of
the catalyst [54].

Hopcalite (CuMnQO,) is a commercial catalyst used for low tempera@@e oxidation though it
deactivates at room temperature in moist air [S@glfrank et.al. [59] found that Aling /C0y2 3

is the best promising catalyst for low temperatdf2 activity at low temperature of 25°C with a
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conversion of about 95%. Further Kraemer et.d] Bowed that CgMngy catalyst prepared
by an ethylene glycol method is the best candittat€O oxidation at 25°C and comparable to
that of commercial hopcalite catalyst. Recently,, 4G MnO; can catalyse selective
combustion of methane, CO and synthetic soot te Gi& using microwave irradiation [61-63].

1.4 Propane and carbon monoxide combustion

Exhaust gases from the combustion engines contaaties hydrocarbons and CO. Jurriaan et.al.
[64] screened twelve perovskite catalysts for stemdous oxidation of propane and CO. It is
interesting to note that surprisinglydg&a -Cro sburned propane much faster than CO, which is
in contrast to general knowledge [65, 66]. Castll@l [67] reported, structural refinements and
catalytic evaluation of series of palladium supedrteria-zirconia catalysts through surfactant
assisted techniques. It was found that zirconiurhtiach to ceria leads to crystalline structure

distortion and inhibits crystal growth at high tezngture. Rietveld refinements confirmed that
all ceria-zirconia samples have nanocrystals wahoaic defects in their structures. The Pd
supported catalysts were very active for completdation of CO and propane. The best catalyst
(Bwt% Pd/CegZrp 0,) has a light off temperature ) as low as 120°C for CO oxidation and

180°C for propane combustion [67].

1.5 Sol-gel synthesis

Sol-gel chemistry is a versatile tool for both @egtion and understanding of catalytic materials.
[68]. Interest in sol gel processing of inorgangcamic and glass materials began as early as the
mid 1800s with the Ebelmann and Grahams studieslica gels [69]. These early investigators
observed that the hydrolysis of tetra ethyl orthesie ((TEOS), Si(OgHs)s), under acidic
conditions yielded Si® However extremely long drying times of 1 year ewen more is
necessary to avoid fracturing of silica gels intdire powder. Sol-gel methods represent an
attractive and easy to tailor alternative to comngral synthesis methods such as impregnation,
precipitation/peptisation or ion exchange on summbmixed oxides [70]. A broad range of
porous materials such as metal oxides, crack fremi-shrinking monoliths, fibers, membranes
and highly ordered crystalline materials with pooésiniform size- is accessible through sol-gel
processes [71]. For the preparation of polynaryeaigxides [72-77] or glasses [78], the sol-gel
process represents an attractive alternative toverdional synthesis methods. Potential

advantages of sol-gel processing include purityndgeneity and controlled porosity combined
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with the ability to form large surface area materiat low temperatures. Important variables
which must be considered in the synthesis of supgametals by the sol-gel method include:
pH, reactant stoichiometries, gelation temperatmnetal loading, solvent removal and pre
treatment conditions [79]. Compared to solid stattions, this mild synthesis method usually
results in the formation of mixed oxides of imprdy@omogeneity. The sol-gel process itself is
low cost, requires mild reaction conditions andvdes homogeneous gels of most of elements
in the periodic table which form solid mixed oxidg®]. Also, it leads to very high surface
areas, uniform pore size distribution, readily coltéd composition, improved thermal stability
of supported metals and simple preparation comditiowvithout extra steps such as filtration,
reflux and distillation [79-83].

The sol-gel process [84] leads to the evolutiomofganic networks through the formation of a
colloidal suspension (sol) and gelation of thetedlorm a network in a continuous liquid phase
(gel). The precursors for synthesising these addlaionsist of a metal or metalloid element
surrounded by various reactive ligands. Metal al#tex are most popular because they react
readily with water. The most widely used metal alkes are the alkoxysilanes, such as
tetramethoxysilane (TMOS) and tetraethoxysilane@BlE However, other alkoxides such as
aluminates, titanates, and borates are also conymum@d in the sol-gel process, often mixed
with TEOS. At functional group levels, three maeactions are occurring in the sol-gel process.

They are hydrolysis and condensation. The reasttbieme shown in figure 1-1.

Hydrolysis
Reesterification

—si—0R + HOH

—S8i—oH t ROH

Water
] Condensation
—S8i—O0H * —Hi—O0H —= _ 4 o g + HOH

Hydrolysis

Alcohel

| .
—8i—O0H t —8i—O0R Condensation &  o—Si— + ROH

Alcoholysis

Figure 1-1: Reaction schemes for sol-gel process3|8
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Generally, hydrolysis reaction takes place by tdditeon of water which replaces alkoxide
groups with hydroxyl groups. Condensation followky formation of siloxane bonds by

involvement of silanol groups with the by-produatster and alcohol.

The sol-gel process involves several steps suchydmolysis, condensation (acid and basic
conditions), gelation and aging. Each step canoméralled to improve the microstructure of the
catalyst. When the pore liquid is removed as gaas@hfrom the inter-connected solid gel
network under hypercritical conditions, the netwddes not collapse resulting in large volume
of aerogel of low densities. On the other hand, rwtiee pore liquid is removed at ambient
pressure by thermal evaporation, it leads to the&tion of a xerogel with high surface areas of
400nf/g [69]. Catalyst synthesis by sol-gel processqsede on a number of factors. Major
important factors are pH, nature and concentratbncatalyst, HO/Si molar ratios and

temperatures. By varying these factors one can thergtructure and can thus influence or tailor

the inorganic network, especially porosity and pmre distribution.
Sol-gel synthesis can be carried out under acidinditions (pH < 7), basic conditions (pH > 7)

and under neutral conditions (pH = 7). General acd base catalysed hydrolysis are explained

below.

1.5.1 Acid catalysed hydrolysis

| ¥ FAST |+
—5—0R  + —3i—0R
| | H
+
| ¥ + .
—Hi—0R  +  HOH = O—8—0 +

Figure 1-2: Acid catalysed hydrolysis.

Under acidic conditions, it is likely that an alkd& group is protonated in a rapid first step.

Electron density is withdrawn from the silicon atamaking it more electrophilic and thus more
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susceptible to attack from water. This resultshi@ formation of a penta coordinates transition
state which decays by displacement of alcohol awersion of silicon tetrahedron [85, 86].
When an acid catalyst used for mixed oxides prejmarauniform mixed oxides were formed
without discrimination by electronegativity sincgdnolysis and condensation are controlled by
the loan pairs on oxygen atoms.

1.5.2 Base catalysed hydrolysis

Hy) =——== HY + 6H

—3—CH + RO

Figure 1-3: Base catalysed hydrolysis.

Under basic conditions, it is likely that water sisiates to produce hydroxyl anions in a rapid
first step. The hydroxyl anions then attacks thiean atom and hydroxyl groups displace the
alkoxide groups with the inversion of silicon tétealron. Under basic conditions, phase
separations can be formed because hydrolysis ambdensation are controlled by

electronegativity of the central atoms.

’t*;\ ..
*:A,.
fm- @5% (s %]

2 * A5 e
r';'\y\) b )J}..,‘\

£ R
i )
o
- ), J L W,
linear polymers accidental aggregates uniform particles
acidic pH basic
Figure 1-4: Influence of pH on sol-gel network fomation [86].
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1.6 Combinatorial chemistry

The combinatorial method and high throughput expentation have been applied to catalysis
development in the last decade. This methodology fivat introduced by Hanak in 1970 in
search of semi-conductors, super-conductors anchetiagmaterials and named as Multiple
sample concept (msc) [87, 88]. Combinatorial caialis the systematic preparation, processing
and testing of large diversities of chemically atysically different materials libraries in high
throughput fashion. The major application of conalbamial chemistry remains the search for
biologically active molecules. Diversity based tdgies however might be effective in the
identification of compounds that have attractivegarties. Combinatorial and related strategies
have indeed been utilised in investigations in matescience, molecular recognition, polymer
chemistry and asymmetric catalysis. Figure 1-Sasgnts the general overview of classical and

high throughput catalysis approach.

C ((f

Design

Q

Testing Synthesis Testing Synthesis
Classical High Throughput
Figure 1-5: Comparison of classical and high throulgput approach [89].

The discovery and development of new materials aatdlysts used to be time consuming and
rather unpredictable trial and error processes. é¥®w combinatorial and high throughput
approaches are changing this perception. Thisntdoby is aimed to speed up the pace of
research leading to increase the chances of disco¥éotally new and unexpected catalysts and

their optimisation [90].

10
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The developed high throughput techniques allow igmicantly enhance the number of
experiments carried out during a given time [91-93pmpared with the classical approach,
where experiments are designed one at time, comabiabchemistry makes use of materials
libraries, prepared and tested in parallel or rag@duential manner. Results obtained from the
combinatorial approach under the same reactionitonsl are comparable and more meaningful
than single batch experiments, automation and mewrmnt under defined conditions are highly
reproducible, a reference standard can be measunréer the same conditions and used for
calibration [90, 94, 95]. Due to an enormous indaksimpact of the development of better
materials and catalysts, a number of companieslaeady active in this field namely Symyx
technologies, hte Aktiengesellschaft, Avantium, ABC, INM, SINTEF, and combinatorial
chemistry is now a core technology in many majoencital and material companies such as
BASF, Bosch, Degussa, UOP, P&G, GE, Bayer, DuHd@WV and many others.

The schematic catalyst discovery and optimisatimegss is represented in figure 1-6.

F 9

Commercialization

Process Engineering

Pilot Plant

Catalyst Lab Reactor

Optimization

/ Secondary Screening \
Catalyst

Discovery / Primary Screening \
Target / Target Identification \

Figure 1-6: Catalyst discovery and optimisation prgeess [95].

Decreasing Number of Potential Catalysts/

Increase in Information Depth

It has to be pointed out that commonly used scneesirategies are limited and do not answer
which reactions can be catalysed by the partico#alyst, catalysts identified are from the
primary screening stage, and activity towards paldr reaction. Therefore the screening
strategy [95] should allow (i) to continuously aysd the samples in real time to determine
reaction rates, (ii) to monitor not only the mapwoduct and educt, but also side reactions, to be
scaleable to reaction monitoring in parallel reest@and (iv) be applicable to combinatorial
libraries. The challenges are very similar to thasesynthetic combinatorial approaches of

materials and catalysts, as addressed in reviesledoty Jandeleit et. al [96].
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Thus combinatorial catalysis is a methodology drafetools where large diversities of solid
state materials libraries are prepared, processédested for activity and selectivity in a high
throughput fashion [97]. Since the data and infdiomaare vast, the development and use of
sophisticated high capacity information managensgatems is also essential component of this
methodology. Infact the successful implementatibooonbinatorial approaches will require that
all of the components shown in figure 1-7 must toglace and function smoothly, otherwise

bottlenecks will limit the throughput [97].

arge scale
information
management

Combinatorial
catalysis

High
throughput
testing

Figure 1-7: Essential components of combinatorialatalysis [97].

The integration of all the components of combinataratalysis is the ultimate goal of this field,
enabling the intelligent planning and executionhajhly parallel experiments with minimal
human intervention. Initial integration of libragynthesis and high throughput screening is

nearly realised as evidenced by numerous publitaiio these fields.

New discoveries should lead to quantum leap inumglerstanding of catalysis, analogous to the
impact that the discovery of high temperature stgpeatuctors had in physics. Interestingly, the
idea of applying combinatorial approaches to heeneous catalysts is not new. In the early
part of the 28 century Alwin Mittasch implemented an impressiv@gram preparing and
testing a large number of combinations of metalsatialyse the synthesis of MNiffom H, and

N.. However, the Mittasch approach for the catalystalery and optimisation was not pursued

much further due to higher labour costs [98].
12
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The implementation of combinatorial techniques &tehogeneous catalysis is a significantly
more challenging problem than in other applicabogas of material science [97] and additional
challenges arise from the complex and dynamic eattithe catalysts. First, real heterogeneous
catalysts generally are extended solids with mielttiscontinuities in structure and composition

allowing very limited systematic variation in thegeperties with the overall composition. In

addition, structures are strongly dependent omtathods of preparation and change with time
under reaction, with better catalysts being mosdliemt to change. All of these issues render

heterogeneous catalysis research a difficult stibjec

Second, heterogeneous catalysts must bind theargadb induce them to bonding interactions
and allow the products to depart so that the datalyycle progresses. These requirements
demand that no catalyst intermediate be too stabléhe product too strongly adsorbed,
otherwise the turnover number cannot be high endadbe practically useful. In other words,
heterogeneous catalysts must expedite the formafi@ansuitable and energetically favourable
transition state. Transition states are inducedthrge dimensional active sites on catalyst
surfaces, both of which are poorly understoods ltkely that multitude of active sites exists on
solid surfaces and their distribution changes witte. The rates of change or shift of these sites
influenced by temperature and local compositionpi@ally, catalysts deactivate with time as
consequence of events such as surface reconstrusiidering, poisoning, coke formation and
volatilisation [97]. Conversely the activities obree catalysts peak only after a period “on
stream” again suggesting the involvement of eveath as reconstruction. These considerations
clearly call for the development of methodologibattwill allow the undertaking of a large

number of systematic, parallel experiments to uglrthe underlying elementary events.

The preparation of solid state libraries of caialybaterials can be accomplished by thin film
deposition methods and solution based methodste3imgt with physical masking has been used
to deposit solid state libraries for the discovang optimisation of CO oxidation catalysts [99].
Cong et.al. [99] prepared thin film library contimig 120 ternary combinations of Rh-Pd-Pt, and
was prepared by sequentially depositing films @f itldividual elements on to quartz substrate
using masks. The total library synthesis took aldduand followed by annealing at 773K under
H./Ar atmosphere for two hours. Even greater speédgrihesis of solid state material libraries
can be accomplished by simultaneous or co spuftasfnmultiple target materials which is

originally proposed by Hanak [87]. With sputterityge number of sites can be prepared

simultaneously with very high speed and is a ustfoll for the creation of very large discovery

13



Chapter 1 Introduction

of libraries. Other thin film deposition methodack as thermal [100, 101] and plasma chemical
vapour deposition [102, 103], molecular beam epitg04] and pulsed laser deposition [105,
106] can be used to create solid state librariésm Tilm deposition based catalyst preparation
techniques are particularly promising for use imjaotion with micro-electro-mechanical
systems (MEMS) that are created by using semicdodwdevice manufacturing techniques
[107]. Solution based methods involve sol-gel, iegmation, co-precipitation and
polymerisation. Solution based ink-jet print headhinology has successfully been used to
prepare a 645 combinations of Pt-Ru-Os-Ir libramythe reforming of methanol [108]. A large
scale automation of co-precipitation technique d@egeloped and used for the synthesis of 16
combination library of Au-CgD, and Au-TiQ for the oxidation of CO [109]. The application of
sol-gel synthesis has been introduced by Maier @navorkers for synthesis of amorphous

mixed oxides [110].

In an efficient high throughput process you shoadlyse in a day what you make in a day
[111] and it is the most important technology ofdmnatorial catalysis. High throughput testing
of heterogeneous catalysts is one of the diffitagks of combinatorial chemistry to get reliable
results. It consist of two steps, primary and sdeoy screening. Primary screening deals with
numerous compounds with high diversities and caially evaluated based on their activity
rankings. Secondary screening is followed basedhenresults of primary screening in the
conventional reactor to confirm trends. High thrdopigt includes optical methods, gas
chromatography (GC) and mass spectrometry (MS) weesl. Optical screening is based on
colour indicator method, which is applicable touid| phase reactions and first applied to
determine relative catalytic activity of seriescohventional hydrosilation catalysts [112]. Other
optical methods includes infrared thermography [111131], laser induced fluorescence imaging
(LIFD[115], resonance enhanced multiphoton ionsaf116], photothermal deflection (PTD)

[117] and fourier transform infrared [118, 119] agals sensors [120]. Also, use of thermistor

arrays were also proposed to screen librariestafyst materials [121]

LIFI exploits the alteration of fluorescence prdpes of molecules as a consequence of the
breakage and formation of chemical bonds. Howewes technique is limited due to the

detection of only fluorescent species. REMPI isedagn in situ ionisation of reaction products
by UV lasers, followed by the detection of protoos electrons by spatially addressable

microelectrodes placed in the vicinity of the labeam. Unfortunately REMPI features of many
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molecules are unknown and it must be determinedrbehe technique applied for catalyst

screening.

Mass spectrometry is widely used detection techgwldor high throughput testing of
heterogeneous catalysts. Cong et.al. [99] rep@tgdadrupole mass spectrometer for sequential
screening of heterogeneous catalyst libraries. Eathlyst site of the library was sequentially
heated to desired reaction temperature byl@&2r beam. The reactant products withdrawn from
the probe were analysed by on-line quadrupole rapsstrometry. The total time to heat and
screen one catalyst site was about 1 minute. Maidrco-workers reported a system based on
the use of plate libraries, where individual castlylaced in open wells monitored by capillary
which is connected to mass spectrometry and gasmatography [122]. Claus and co-workers
reported the use of monolith reactor system witltai@50 catalysts in parallel in combination
with quadrupole mass spectrometer [123, 124].

Parallel catalyst screening techniques close toverional catalysis research are mostly
accompanied with parallel conventional reactorshsas fixed bed reactors [125, 126] or
continuous stirred tank reactors [127, 128]. Yametal. developed a parallelised conventional
methods for conventional materials [120, 129]. &ny, development of an automated high
pressure system containing 16 parallel multi tudsectors was recently reported by Schith and
co-workers [109]. Also, Baerns group [32, 130] deped a similar block reactor system
containing 15 packed bed reactors and in relatgdlystonsisting of 6 parallel reactors was also
reported [97].

One of the optical techniques, emissivity correatdrhred thermography (ec-IRT) is used as a
primary screening tool in this project to identthe potential hits. Wilson and co-workers were
the first to demonstrate the utility of IR thermaghy as a heterogeneous catalyst screening tool
using hydrogen oxidation as a model tool [113]. saguently Maier and co-workers refined IR
thermography method by taking into account theed#iit emissivities of catalyst clusters and
make it a more quantitative tool [114]. In IR thegnaphy, radiation energy is emitted from
surfaces according to modified Stefan-Boltzmann. |&8 evidence from Stefan-Boltzmann
equation, radiation is extremely sensitive to stefeemperature by IR technique. IR radiation is
actively emitted by all objects and no externahiigource is required for imaging. However IR
thermography is an extremely fast and nonintrusigeeening technique, it does not provide

information on the chemical identity of the produdbrmed in a reaction. Nevertheless, IR
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thermography is a useful preliminary activity scrieg tool to explore very large library
discoveries. Detailed experimental work flow of tithroughput testing of catalyst libraries

using emissivity corrected infrared thermograplo/IeT) is explained elsewhere in section 3.2.

Although large number of samples can be synthesisddested by high throughput technology,
possible number of compositions is almost infinta.important issue in combinatorial catalysis
is the design of experiment (DOE) is required tgamise the experimental work into minimum
work input and maximum output with optimised sadat. Techniques used for design of
experiments are parametric space, stochastic methodh as genetic algorithms (GA) and
simulated annealing (Monte Carlo methods), holdg@asearch [131] and split and pool
methods [132]. Genetic algorithms is an effectivel wwhich has been applied for synthesis of
combinatorial chemical libraries [133, 134] for tthesign of heterogeneous catalysts [97] and in
the preparation, optimisation of combinatorial dibes of heterogeneous catalysts [135], low
temperature oxidation of propane [85], low tempe®alight paraffin isomerisation [136] and
selective oxidation of propane [137]. Maier andwamrkers applied an evolutionary strategy in
conjunction with CO oxidation catalyst [90]. Cornaad co-workers used artificial neural
networks (ANN) prediction model with genetic aldbms in the optimisation of epoxidation
catalysts [128].

1.7 Research objective and goal of the project

Hydrocarbon combustion is of fundamental importafocemany types of exhaust gas cleaning.
Especially for combustion engines, HC are combudtagether with CO. State-of-the-art
catalysts do show high selectivity for CO or n-aone based on reaction conditions. It is well
known, that CO combustion is rather facile and eeaqeadily at temperatures below 100°C,
while the combustion of alkanes requires tempeestiabove 200°C. Therefore under lean
conditions the oxygen is preferentially consumed ®® and HC combustion remains
incomplete. The reason for the preferred CO-conuskays essentially in the polar and
reactive nature of CO (low activation barriersiatele to the high activation barriers for C-H-
bond cleavage of alkanes. It is therefore of funelata interest, if it is possible to find catalysts
capable of selectively activating alkanes in thespnce of CO. To us such a search appeared to
be an interesting challenge to test the power apalities of high throughput technologies,

especially since there is no rational theoretiggdraach to solve such a problem. The typical
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performance of a typical combustion catalyst iswaiin Figure 1-8, documenting the selective
conversion of CO at much lower temperature, propaore/ersion starts only at temperatures,

where most of the CO is already converted. The tqwes, to find catalyst with the inverse
catalytic behaviour.
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Figure 1-8: Temperature dependence of the conversioof CO and propane on Pt/Rh/AJO; in a gas

phase low reactor with reaction in increment orderof temperatures from 150°C to 350°C.
Reaction conditions: 20mg of catalyst diluted withL00mg ofy-alumina with particle size of

100-200 pm (both). Total flow rate: 50ml/min (GHg/CO/CO,/O,/N, = 2/10,9/15,8/10/61,3).
Catalyst pre-treatment: synthetic air with 50ml/min at 350°C forlh.

Our intention is to find new noble metal free cgdtd for the combustion of n-propane in the
presence of CO. The work implemented for a catadgsarch is done to reduce the scavenging
fuel loss and also to prevent pungent smelling uenconverted hydrocarbons which in turn
results in respiratory diseases. CO oxidation isdesired and can be diluted to the atmosphere
or partial oxidation of n-propane to CO is also aeehe. Therefore an increase in CO content

released from the system to the atmosphere woillldestolerated by emission standards.
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2 Results and discussion

2.1 Combinatorial approach for selective combustion of propane in
the presence of CO

The ever increasing need for more selective hetgregus catalysts in chemical processing
cannot be satisfied by conventional catalyst dguakent and therefore combinatorial approaches
should be considered [114]. High throughput screggneads to the automated synthesis and
testing of several many catalysts per run in paradind thus a catalyst search process is
accelerated. This may save cost and time comparednventional methods. A high throughput
work flow for catalyst development could be basadwo routes [88, 138]. They are

1) Screening based on prior information using géatakystems that show activity for the desired
reaction.

2) Catalytic systems chosen without any precedemtiee desired reaction of high diversities.

The first approach involves well known materials tiat particular areas were chosen and
designed in a systematic way which increases thaads to find better or novel active materials
relatively in the parametric space. But the maimdrack is the discovery of new catalysts was

limited. Hence two strategies were employed is firesent study.

Pre-screening of
existing libraries

End Design of experiment
‘ *Plattenbau I

Conventional Library synthesis
verification * Dispensing robot

Literature search

Primary screening
*ec- IRT

Figure 2-1 High throughput work flow.
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Figure 2-1 represents the high throughput work flawselective propane combustion catalyst
search in presence of CO. The project is initiateth an existing library of other projects

synthesised by different co-workers in our groupnty formal colleague Dahu Dapheng. The
library was tested in iso-octane oxidation and elets such as Ce, Co, Cu, Fe and Ni were
found active. Based on those five elements binadtarnary composition were proposed and

three libraries were planned to be prepared fdn bigoughput screening.

2.2 High throughput library synthesis

The activity of heterogeneous catalysts was s&esitwards preparation methods. Differences
in sequencing of the addition of precursors, dryang calcination temperatures result in variety
of different materials with different catalytic adties and selectivities of identical catalyst
composition. Thus composition tolerant sol-gel pesi were employed for catalyst preparation
techniques. The sol-gel process represents arctatgaalternative to conventional synthesis
methods. It results in the formation of mixed osidé improved homogeneity, facile tailoring of
morphology of mixed oxides and requires mild re@acttonditions such as room temperature and
atmospheric pressures [70]. The software “Platteh#89] developed in our group is used for
high throughput experimental design. The softwaleutates the optimised pipetting list based
on dopants and matrix solution and catalysts swethevere automated with the help of a
commercial pipetting robot (Lissy, Zinsser Analytithe robot work space is shown in figure 2-
2.

Figure 2-2: Roboter work space.
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The robot work space consists of 2 needles whienster the stock solutions from the
corresponding dopant and reagent racks into ther&& containing 50 2 ml HPLC vials
positioned in an array (10 x 5). After all pipetfisteps finished, the entire rack is stirred in an
orbital shaker to obtain a homogenous solutionotedid by drying and calcination. Then the
calcined catalyst were ground with spatula aneédilmanually into the 206 catalyst wells of
hexagonal slate plate libraries. Also, each librenyfilled with reference catalyst (2,6 wt%

Pt/Rh/ALO3) for activity comparison.

2.3 Primary screening of catalysts (ec-IRT)

IR- Camera

h- Sapphire glass

IR- Reactar LI

| O—:M ibﬁ

-

i CgHg Co — Co,
- @ Senso” Sensoar Sensar
- DTQ

Figure 2-3: Schematic flow diagram of ec-IRT experment set up. MFC: Mass flow controller; TE:

thermoelement; TR: temperature controller: PC: Personal computer

The emissivity corrected infrared thermography wagd for parallel screening of catalyst
libraries to identify potential catalysts for sdlee propane combustion reaction. The schematic
flow diagram of ec-IRT measurement is shown in feg2-3. The required feed gas for the
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reaction was supplied to the IR reactor unit withedp of mass flow controllers [MKS]. The IR
camera equipped with 640 x 480 pixel PtSi-FPA deteand mounted over the top of the IR
reactor. The infrared reactor is made of steel ingusnd has a large opening where the library is
placed for the measurement. The heating plate isnted under the bottom of the reactor and
the temperature is controlled by a thermoelemeime Japphire glass is used to cover the top of
the reactor which allow us to monitor the infraradiation of the plate by an infrared camera.
The reaction gas enters through the upper partgbit @rilled holes into the reaction chamber
and leaves the reactor from the centre hole ofeéhetor unit to the steam trap to condense the
water before entering thesids, CO and CQinfrared sensors [GfG].

The ec-IRT allows the detection of heat of reactidrthe particular reaction on the catalyst
surface, which can be interpreted as catalyticvieigti Measurement and detailed working
principles were explained elsewhere previously {14@]. Different catalyst materials have
different reflectivities and emissivities. Reflagty and emissivity are material specific
properties and differs from sample to sample. Laiférences in emissivity and reflectivity on
the library surface and its individual catalyst tspdo appear as different photon intensities,
which can be misinterpreted as different tempeestuthough true surface temperatures are
identical. Hence emissivity correction by six poicalibration is obligatory prior to the
measurement. It is done by measuring the emissifitite library at 6 different temperatures in
between -4°C and +6°C of the desired reaction teatpes in steps of 2°C. For example, if the
desired reaction temperature was 250°C, calibragsodone at 246, 248, 250, 252, 254 and
256°C. The measured detector sensitivity and sasrgtassivity are used to correct the detector
sensitivity and sample emissivity at the desirexttien temperature. The whole high throughput

screening process is completely automated andaitaurby the IR Testrig software [142].

A typical IR thermography experiment was carrietliaithe following sequence.
> Six point temperature calibration of the libraryngscalibration gas (& N, and CQ).
» Testing of propane combustion reaction.
» Reactor flushing using calibration gas.
» Testing of CO combustion reaction.
>

Purging the reactor usingpN

The selection of new leads in all catalyst genenatis based on the relative activities of propane

oxidation and also compared with CO oxidation.idtliy IR image of the library under propane
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and CO oxidation is compared. Detailed explanatioprimary screening hits were illustrated in
the forthcoming sections. The selected hits froffedint generations were upscaled from 300
pmoles to 8 Mmoles and tested in the conventiaratfbed reactor with a total feed flow rate
of 50 ml/min, operating temperature window (150-350 and feed gas concentration as
(C3Hg/CO/COG/OL/N, = 2/10,9/15,8/10/61,3). The best performing catalyof each generation

were continued for further catalyst developmerthefnext generation.

2.4 High throughput experimentation of generation 1

The search of catalysts for propane oxidation & phesence of CO was started by testing a
highly diverse library (library 1) prepared by aworker (G. Frenzer) from our group. The table
2-1 represented with block letters are the elemes¢sl as matrices and dopants corresponding

to their respective generations.

H He
Li | Be B |C N @) F | Ne
Na | Mg Al Si P S Cl | Ar
K |Ca |Sc |Ti |V Cr |[Mn |Fe |Co [ Ni |Cu | Zn |Ga| Ge|As |Se |Br |Kr
Rb | Sr |Y Zr {[Nb {|Mo [Tc |Ru |Rh |[Pd |Ag | Cd |In | Sn | Sb | Te || Xe
Cs | Ba Hf | Ta | W | Re | Os | Ir Pt Au [Hg | TI | Pb | Bi Po | At | Rn
Fr | Ra Db | J Rf | Bh| Hn| Mt| Uun Uuu

La {[Ce |Pr [Nd |[Pm |Sm | Eu | Gd | Tb | Dy | Ho| Er | Tm | Yb | Lu

Ac | Th | Pa | U Np| Pul Am Cm Bk| Cff E§ Fm Md Np L

Table 2-1 Elements used as matrices and dopants featalyst development strategies mentioned in

block letters

Initially, library 1 was tested for iso-octane oaitbn as a test case. It was found that Ce, Co, Cu,
Fe and Ni were active elements. These five elemiexttsto binary and ternary composition
spreads with a step variation of 10 mol%. Detadathlyst compositions used in each library of
generation 1 is mentioned in the table 2-2. Thalgstt development phenomena introduce the
concept of variation and selection. Variation wasamed by doping and composition spreads.
Potential hits selections were based on the relatiatalyst activities of §Eg oxidation in
comparison with CO oxidation. It should be noteat ttatalysts were described in terms of metal
ions with mol% as subscripts which represent thgeeted concentration of catalyst sols. An

example shown states clearly;sd00,00x means 60 mol% of Ni and 40 mol% of Co with O
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corresponding to the unknown oxidation states o rhixed metal oxides. Feed gas conditions

for ec-TRT screening in first generation librarége mentioned in the table 2-3.

Library Catalyst composition

1 Highly divers&™ [HD] = Al, Ce, Cr, Fe, Hf, La, Mn, Na, Ni, Pt, RRh, Si, Sm, Ti,
V, W, Y and Zr

2 AxB1oo-x With A and B = Ce, Co, Cu, Fe and Ni; x variesi 0 to 100 mol% in steps
of 5 mol%

3&4 AByCiooxyWith A, B and C = Ce, Co, Cu, Fe and Ni; x anchyies from 0 to 100

mol% in steps of 10 mol%

Table 2-2 Catalysts prepared for HT screening in th first generation

Gas atmosphere| GHg CO CO, 0O, N>
(Vol%) | (Vol%) (Vol%) (Vol%) (Vol%)

Propane 2 0 15,8 10 72,2

CO 0 10,9 15,8 10 63,3

Exhaust 2 10,9 15,8 10 61,3

Table 2-3 Feed conditions of ec-IRT screening ofr§it generation libraries

High throughput screening of a library in first geation flows was done on as shown below.
1) Pre treatment of catalyst library at 250°C usingtlsgtic air.
2) Six point temperature calibration at desired reactemperature using calibration gas
atmosphere (C&N,/O, = 15,8/10/74,2 vol%).
3) Reaction over catalysts library using feed gas isting of GHg/CO/CQ/O,/N, and
about 2/10,9/15,8/10/61,3 vol%.
4) Purging with N over the library.

Based on above said four points, primary screersngarried out and the ec-IRT image of a

library 2 is shown in figure 2-4. It can be infadréhat several catalysts were found active. But it

could not be differentiated which catalysts ar@oesible for CO and £Eig oxidation.
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Figure 2-4: EC-IRT image of library 2 in exhaust g& (C;Hg and CO atmosphere) feed at 150°C; Total

flow rate 50ml/min; C3Hg/CO/CO,/O,/N,= 2/10,9/15,8/10/61,3.

Hence high throughput screening has to be rep&aisuing the first and second points same and

further steps (steps 5-8) are explained below.
5) Reaction over the library under propane atmospbensisting of GHg/CO,/O,/N, with

2/15,8/10/72,2 vol% in the feed.

6) Flushing of the reactor using calibration gas.
7) Reaction over library under CO atmosphere congjstof CO/CQ/O,/N, with

10,9/15,8/10/63,3 vol% in the feed.
8) Repeat step 4.

High throughput screening of libraries (2 to 4) eveneasured by my formal colleague Dahu

Dapheng. Repetitions of IR thermography measuresnehtame libraries by me in order to

confirm the trends and shown in figure 2-5 (librajy

a) GHg oxidation
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b) CO oxidation

c) Background image aftersBg oxidation at 250°C

«
......

-

[

L]
»
"
[
L
[
®
kS

Figure 2-5: Emissivity corrected infrared thermography image of library 2 at 250°C Reaction conditions
(a): C3Hg/COL/04/N, = 2/15,8/10/72,2 vol%. (b) CO/CGO,/N, = 10,9/15,8/10/63,3 vol%. (c)

002/02/N2 = 15,8/10/74,2vo0l%. 1: CaFess, 2: Ni60C04().

It is observed that catalysts which are found actwth the used libraries were not the same

when compared to that of fresh libraries. Hencemtdl hits selected based on highest relative
activities of individual catalysts from both work$ primary screening have been selected for

conventional verification and mentioned in tablé.2-
From figure 2-5, CgFe;s and NoCoso Were selected as potential hits of library 2s€es
catalyst shows very high activity towards propariation but suffers emissivity changes after

the reaction and shows little activity towards Cfidation. NoCoy IS less active and suffers
lesser emissivity changes when compared to thedioome. One more drawback is thagdSsg
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catalyst is comparably active for CO oxidation. Ekeit is necessary to validate the performance

of both catalysts conventionally.

No Catalysts No Catalysts

1 Cesfes 8 CesFesless

2 NigoCogo 9 CeCuws

3  CeCuoFern 10 CeCogs

4  CegoCogoNiig 11 FeoCogo

5 CQoFemNilo 12 F%Nig5

6 CLQ()COmNi]_o 13 Pt/Rh/A&O3
(reference)

7 CeCosoFero

Table 2-4 Selected potential hits of first generatin for conventional testing

Table 2-4 shows the selected catalysts for coneativerification of libraries from 2 to 4 based

on ec-IRT image carried out by my colleague (Dalaplieng) and by me. Those catalysts were

selected based on criteria as explained in the eleoample (NpCos and CesFeys catalyst

selection). Catalysts (1 to 6) are selected bard® screening by me and catalysts (7 to 12) are

selected based on Dahu Dapheng screening.

2.5 Conventional testing of first generation hits

Reaction gas J;“?

N,or Syn air f"'?

co, CaHg co —
+|Transmitter Transmitter Transmitter| 'r
| | -
[Computer 3 [Computer 2 Computer 1
| | Steam trap
Figure 2-6: Schematic flow diagram of conventionalexperiment set up. TE: Thermoelement; TC:

temperature controller: PC: Personal computer
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To validate the performance of high throughput ecieg results, active hits were upscaled from
300 umoles to 8 Mmoles and tested in the conveailtiiixed bed reactor. Detailed description of

conventional synthesis and experiments were exgdaimthe section 3.3 to 3.5.

The schematic representation of the conventionstl $et up is shown in figure 2-6. The
premixed reaction gas and synthetic air in theorafi 1:1 enters the conventional gas flow
reactor. About 100 mg of catalyst of particle sif¥-200 um with a total feed flow rate of 50
ml/min and feed gas concentration afHg/CO/CQ/O,/N, = 2/10,9/15,8/10/61,3 vol% is used.
The product gas leaving the reactor enters tharsteap by preventing the water molecules
entering the infrared sensors. The product garalysed for the exit concentrations usingHg;
CO and CQ sensors [GfG]. The sensor signals were monitorgdmini computer and
transferred to the main computer. The temperaturethe catalyst is controlled by a
thermoelement. The operating temperature windowhiereaction is 150-350°C (150-250°C for
first generation). The best performing catalystseath generation were continued for further

catalyst development of the next generation.

Conventional experiments were started by testiegréfierence catalyst (2,6 wt% Pt/Rh®d)
which was supplied by the industrial partner. Abbd®mg of catalyst were placed in the reactor
with the total feed flow rate of 50 ml/min and wst It is observed that there was a steep
increase of temperature in the catalyst bed dudechigh heat evolution of both exothermic
reactions (gHg and CO) and found very difficult to maintain thesded temperature. Therefore
it was decided to mix the catalyst with the ineytalumina) in the weight ratio of 1:5
(2100mg/500mg).

Conventional test results of first generation kg two catalysts along with reference catalyst
were shown in figure 2-7 @Elg and CO conversion). The activity of the referewegalyst
towards propane oxidation is higher around 50% %2°@ and completely active for CO
oxidation. The CgFes catalyst shows no activity for propane, but iacsive for CO oxidation,
although it was one of the most active materialsbwéry 2 in the high throughput screening.
The poor performance in the conventional testscatds that the catalyst material undergoes
emissivity changes in the presence of CO. The y=tt&liso0Cao Showed comparable activity to
reference catalyst in the conventional testing ¢ifioil was less active in the high throughput
screening. At this point it became clear that aaitkdl consideration of emissivity changes of
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materials need to be implemented for hits selectiom high throughput screening to avoid

false positives and false negatives.

100

bi——.—l’ ® 2 -
i e C3H8Ni60C040
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-0+ CH, PtRNAILO,
—e— CO PYRN/ALO,
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Figure 2-7: Conventional test results of active h# of generation 1. Reaction conditions: 100mg of

catalyst diluted with 500mg ofy-alumina with particle size of 100 — 200 um (both)Total flow
rate: 50ml/min (CsHg/CO/CO,/0,/N, = 2/10,9/15,8/10/61,3). Catalyst pre-treatment: sthetic
air with 50ml/min at 250°C for 1h.

Catalyst Xcans (%) at 250°C Xco (%) at 250°C
Pt/Rh/ALO3 50 97
CeCoos 49 97
CesClys 5 97
CessFess 1 51
FeoCogo 39 97
FesNigs 2 96
NigoC0s0 50 97
CexoFeroNii 3 93
CeroCosoNiso 48 97
CupoCoroNiso 28 96
Ce30C0s0F€10 19 95
CerdClzoFero 12 96
CesFe3 ez 5 96
Table 2-5 Competitive conversion of gHg and CO oxidation at 250°C of active hits of firsgeneration
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2.6 Prerequisites for second generation catalyst de  velopment

1) Since performance of the catalytic activity andesglity is based on gas mixture
compositions, gHg concentration was increased from 2 vol% to 4 vaéd CO
concentration is reduced from 10,9 vol% to 5,4%40l

2) Since the weight hourly space velocity is quite lmwconventional tests, the catalyst

mass was reduced by a factor of 5 with a constdak flow rate of 50 ml/min.

100 z
—
a
80 <—High to low temperatures
i —>Low to high temperatures
o -d
g 60 o
; ----- (A Fr" """ A C 3H8
E;) 40- —A—CO
5 b 0 CH
Q d/_> 3 8
—a—CO
204
0+ T T T T T T T T
150 200 250 300 350
Temperature (T)
Figure 2-8: Conventional test results of Pt/Rh/AlO; catalyst. a: reaction in decrement order of

temperatures from 250°C to 150°C. b: reaction in iorement order of temperatures from
150°C to 250°C. Reaction conditions: a) 100mg of tadyst diluted with 500mg of y-alumina
with particle size of 100-200 um (both). b) 20mg afatalyst diluted with 100mg ofy-alumina
with particle size of 100-200 um (both). Total flowate: 50ml/min (CsHg/CO/CO,/O,/N, =
2/10,9/15,8/10/61,3). Catalyst pre-treatment: syn#tic air with 50ml/min at 250°C for 1h.

3) The reaction has to be carried out in increasimoof temperature. Figure 2-8 shows
that the catalyst activity is a function of tempara, i.e. as the reaction proceeds from
higher to lower temperatures; the catalyst remaagtive with respect to higher
temperatures. But when it proceeds from low to &igtemperatures, it follows the
expected steady increase in activity as a funatibtemperatures with higher propane
selectivity. For example propane conversion at 2088produces the same as 250°C

when the reaction is carried out from higher to dotemperatures showing that the
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reaction is temperature independent. The reasold & the catalyst is highly reactive

and active at higher temperatures and posses e tsugh the temperature is lowered.

Another possibility could be the amount of catalgsss is higher (5 times; 100mg)

when compared to the reaction from low to highengeratures (20mg). This leads to

high residence time with a low space velocity (@5 min™) and higher activities.

4) The temperature operating window varied from 150 G50°C.

a)

b)

Figure 2-9:
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a&b Conventional test results of firs generation catalysts with reaction in decrement
order of temperatures from 250°C to 150°C. Reactioronditions: 100mg of catalyst diluted
with 500mg of y-alumina with particle size of 100-200 um (both). @tal flow rate: 50ml/min
(C3Hg/CO/CO,/O,/N, = 2/10,9/15,8/10/61,3). Catalyst pre-treatment: sthetic air with
50ml/min at 250°C for 1h.
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5) FeCos, NigoCos0, ChoC0oroNig, CeoCosoFerp and CeCogs were selected for second

generation catalyst development by doping. Prigetmond generation it is envisaged that

increase of temperature there is slow and steatdgase of propane combustion though

there is a constant maximum conversion of CO ferfitst four selected candidates (see

figure 2-9a & 2-9b) and GEoys is not varying much with increase of temperature.

6) From figure 2-9a & 2-9b, it is indicative that teels a chance of increasing propane

combustion activity with increase of temperaturerdéy reduction in CO activity. Thus

conventional experiments were repeated from 250°850°C for first four candidates to

see the effect of propane combustion (figure 2-10).

Figure 2-10:
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Conventional test results of 4 seledefirst generation catalysts with reaction in incranent
order of temperatures from 250°c to 350°C. Reactiomonditions: 100mg of catalyst diluted
with 500mg of y-alumina with particle size of 100-200 um (both). @tal flow rate: 50ml/min

(C3Hg/CO/CO,/O,/N, = 2/10,9/15,8/10/61,3). Catalyst pre-treatment: sthetic air with

50ml/min at 250°C for 1h.

Figure 2-10 indicates that the activity ofghGos is very dependent on temperaturgHg

combustion increases with decrease in CO reactivltgreas other catalysts have minimum

influence but achieves around conversion of abdif Sor propane and with a constant

maximum conversion of about 96% for CO. Nevertrelds five catalysts were considered for

further doping in the second generation catalysasch.
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2.7 High throughput experimentation of generation 2

So far in the first generation, none of the catalygere found selective for propane combustion.
The best five active hits were doped with 3% cad®fifferent transition elements and filled in
two libraries (library 5 & 6). Also two more highbliverse libraries (library 7 & 8) from another
project prepared by G. Frenzer are also investigdiéments which are found active in those
highly diverse libraries were considered for conifpms spreads with varying concentration of
10, 50 and 90 mol% and developed as in librarylBth&se five libraries together are considered
as second generation of our catalyst search andagitions are mentioned in table 2-6.
Catalytic testing of these libraries in propane d@ atmospheres were carried out at
temperatures of 150°C, 250°C and 350°C. The ompgragmperature window set as 150 to
350°C because propane light off starts at a tenyneraange of 200 to 250°C.

Library Catalyst composition

5 DsCe;Cay,, DsFeoCor7, D3NigoCoz7 With D = Al, B, Ba, Bi, Ca, Cd, Cr, Cs, Cu, Dy,
Er, Eu, Fe, Ga, Gd, Ge, Hf, Ho, In, K, La, Li, Mg, Mn, Mo, Na, Nb, Nd, Rb, Sb,
Sc, Se, Si, Sm, Sn, Sr, Ta, Tb, Te, Ti, Tm, V,WYW, Zn, Zr

6 DsCoCos7Ni10, D3Ce30C0s7Fep with D as same like library 5

7 CeCuwFeigoxy CeaCoMnigoxy NifY 1004 NitfLagRe, with x and y varies from 0 to 100
mol% in steps of 10 mol%; f varies from 90 to 100I%h in steps of 1 mol%; g varies
from 1 to 9 mol% in steps of 1 mol%; h = 0 and 0n@dl%.

8 AsoBso, Aszz B33 L333 CogCusoMnsg, CooMngg, with A, B and C = Ce, Co, Cr, Cu,
Fe, La, Mn, Mo, Ti and V

9 AB1iooxWith A and B = Ce, Co, Cr, Cu, Fe, Mn, Mo andX & 10, 50 and 90 mol%

Table 2-6 Catalyst compositions of libraries prepagd for HT screening in second generation

Hence it is notified to observe the effect of tidos metal oxide libraries by closely looking at
one temperature as lower limit of 150°C and uppeitlas 350°C. The catalyst activity of a
library was measured as an average heat of evolati@ach catalyst wells during reaction and

recorded as per pixel values with a help of IR figssoftware. The absolute temperature
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increase at each catalyst spot were calculated frempixel values. The IR image of the library
8 is shown in figure 2-11. Several candidates wierend active and drastic change in the
emissivity of the materials was observed aftgHgoxidation which is major indicator of
identifying the hits. Though several candidateswsfactivity, it was very difficult to identify
“reliable” hits. The IR images allow detailed ara$yof temperature changes in each catalyst
well and ranking analysis based on highest activit¢sHg and CO oxidation were analysed to

find potential hits of second generation for cortiaral verification.

Temperature differences (table 2-7) were selecteger pixel values of each catalyst well,
which are recorded by the IR Testrig software icdtXormat during measurements. BothHg
and CO oxidation were considered. The sorting tdlgst activity of a library is based on these
absolute temperature changes at each catalysisaagl followed. The first 30 candidates which
show highest temperature increase fgH&£oxidation is compared with first 30 most active
materials of CO oxidation. Candidates faiHg oxidation which are not present in the list o$ffir
30 materials for CO oxidation are selected as foitsfurther studies. i.e. hits selected were
compared with the temperature changes after thetioeafor GHg oxidation. For example in
MosoFeso catalyst (table 2-7), it was found that tempematise at this catalyst was about 5,94°C
during GHg oxidation. After the reaction (background imagegswabout 1,37°C which is an
indication of high emissivity change of the catalySimilarly with Ces 3Tis3 {Crs3 3 catalyst it

was 5,04°C during s oxidation and -0,1°C after the reaction respedbtive

a) GHg oxidation
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b) CO oxidation

c) Background image aftersBg oxidation

Figure 2-11: Emissivity corrected infrared thermography image of library 8 at 350°C. Reaction
conditions (a): GHg/CO,/O4/N, = 4/15,8/10/70,2 vol%. (b) CO/C@O,/N, = 5,45/15,8/10/68,75
vol%. (c) CO,/O,/N, = 15,8/10/74,2v01%. 1: MgFesq, 2: Ceszalizs Lrazs

From the two catalysts it is clear from MBeso have high heat of evolution during reaction with
high emissivity change of the catalyst ands43€iz3 «Crs33 have high heat of evolution with

lesser emissivity change. This two extreme endsnoissivity change of materials with high
relative activity were selected as potential hits €onventional verification to avoid false

positives and false negatives.
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Composition ATc3us’C ATc3us’C Difference °C ATco°C
(Reaction) (Background) (Reaction)

CeszslizzLCrszs 5,04 -0,1 5,14 -0,14
MosoFeso 5,94 1,37 4,57 0,12
Cos0Crso 4,28 -0,28 4,56 0,42
CesoTliso 6,12 1,62 4,51 -0,48
Mnz3 £33 L0333 2,75 0,02 2,73 0,45
Mn33 Cus3 Lr333 2,68 -0,007 2,69 0,57
Mng3 £Cr33 €C0333 2,45 -0,03 2,48 0,29
Tizz CuUsz LCr3z3 2,24 -0,14 2,38 0,16

Table 2-7 Selected catalysts of library 8 for convetional verification based on temperature evaluatio

technique at 350°C
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Figure 2-12:

Ranking analysis of library 9 at 350°C

Further ranking analysis of library 9 at 350°C ®wn in figure 2-12. This is done in order to

get active hits and also some missed active casalgstemperature evaluation technique. The

catalysts are ranked agHg and CO rankings (say 1, 2, 3.......... etc.) based orpéeature

increment at each catalyst wells in incrementaéore@. maximum temperature increment due to

reaction ranks 1 and minimum temperature incremanks 206. Ranking of g is plotted

against ranking of CO. Catalysts falls in the bdxtlee ranking profile were selected for

emissivity comparison and screened. Thus, all theva three procedures (IR image,
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temperature evaluation techniques and ranking aisjlyvere followed throughout the second
generation libraries and catalysts were selectedctmventional testing to find the best
performance of catalysts in a fixed bed reactor.

2.8 Conventional testing of second generation hits

Around 26 catalysts selected by high throughputeesing were tested conventionally.
Performances of the four catalysts are represemtddjure 2-13 (a & b). Activities of the
remaining candidates were tabulated in the tab® a-350°C. It was quiet surprising that
Cess 3Ti33 LCr33 3was the only catalyst found more active and setedor propane combustion in
the presence of CO. The catalysts from the dopirigsd generation hits were highly active, but
exhibited poor selectivity. Thus at the end of setgeneration catalyst development the best hit
is based on CeTiCr. This catalyst shows very higlative activity towards propane, no

reactivity for CO oxidation and negligible emisg$yvchanges.
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Figure 2-13: a&b Conventional test results of 4edected second generation catalysts with reaction i
increment order of temperatures from 150°c to 350°CReaction conditions: 20mg of catalyst
diluted with 100mg of y-alumina with particle size of 100-200 um (both). @tal flow rate:
50ml/min (CsHg/CO/CO,/04/N, = 2/10,9/15,8/10/61,3). Catalyst pre-treatment: sthetic air
with 50ml/min at 350°C for 1h.

Catalyst Xc3Hs (%) Xco (%) at Catalyst Xc3Hs (%) Xco (%) at

at 350°C 350°C at 350°C 350°C

Ni50C037Fe3 31 95 MagF6s0 2 5

NieoCQ37Cd3 44 95 CaCrsg 48 91

NieoCO37S% 48 100 C&)Tiso 3 12

NigoC037MQ3 a7 100 MRz Le3L0333 | 24 86

NieoC%7Sl’3 34 100 M@31£L13313CF3313 44 97

NiGOC%7Cr3 51 100 M@31£%313CF3313 46 74

CU20C057N|10Hf3 46 100 CU3,3CF33,3Ti33,3 30 96

CaeFep 3 24 MnoMogg 2 7

CeoFexo 14 77 CeoMogo 2 7

CeoMnyg 14 68 CegMngg 43 93

Ce5o|\/|n5o 25 92 C§0Fe_|_o 47 58

CeCoyo 47 97 CroMngg 56 89

C@3,3Ti33,£r33,3 58 25 C[()FQ)O 37 80

Table 2-8 Conversion of GHg and CO oxidation at 350°C of active hits of secongeneration
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2.9 High throughput experimentation of generation 3

Third generation catalyst development were follovsddoping of the highly selective and
active candidate Ggslis3 «Crs3 3 0f the second generation with 48 transition mexades, binary
and ternary composition spreads of Ce, Ti and €&mehts were also carried out. Additionally
binary and ternary spreads of Co, Cr and Mn elesn&ntincluded in this generation with
concentration steps of 10%. All catalysts testethis generation are summarised in the table 2-9
below.

Library Catalyst composition

10 DsCes33Ti33 LCr33 3 With D = Al, B, Ba, Bi, Ca, Cd, Cr, Cs, Cu, Dy, EEu, Fe, Ga, Gd,
Ge, Hf, Ho, In, K, La, Li, Lu, Mg, Mn, Mo, Na, NINd, Rb, Sb, Sc, Se, Si, Sm, Sn, Sr,
Ta, Th, Te, Ti, Tm, VW, Y, Yb, Zn, Zr
AxB100-x AxByC100-x-yy DxE100-% DxEyF100-xy; A, B and C refersto Ce, Crand Ti; D, E
and F refers to Co, Cr and Mn

Table 2-9 Catalyst compositions of libraries prepagd for HT screening in third generation

As per the library plan, library 10 had undergoRethermography screening to identify the
possible active hits. The IR image at 350°C is shamw figure 2-14. At 150°C, no catalyst
activity is observed in any of the catalyst wetist(shown).

Best candidates based on transition metal oxides wentified based on IR image comparison
during reaction and background image after reactiemperature evaluation techniques and
ranking analysis. 8 best candidates shown in t@abl) were selected for conventional
verifications based on the doping of sg¢di33 LCr33 3 catalyst. The same procedure was also
repeated for catalyst selection of composition agseof CeTiCr elements. Additionally, IR
thermography experimental data of CeTiCr compasisipreads were investigated throut-

Lab modelling with the help of my colleague SimonegSaad the computer programs developed
by her [143] to identify the trends and to optimike best compositions for conventional testing
(figure 2-15). Composition spreads of CoCrMn spseadre not selective and are not considered

in forthcoming generations.
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a) GHg oxidation

b) CO oxidation

Figure 2-14: Emissivity corrected infrared thermography image of library 10 at 350°C. Reaction
conditions (a): GHg/CO,/O,/N, = 4/15,8/10/70,2 vol%. (b) CO/C@0./N, = 5,45/15,8/10/68,75
vol%. (C) C02/02/N2 = 15,8/10/74,2v01%. 1:0@13-” 32’30r32’3SQ3; 2 Ceonl 50Cr 30.
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Composition AT c3us’C ATc3us’C Difference °C ~ ATco°C
(Reaction) (Background) (Reaction)
Cespaliza LCr3paVs 4,84 1,55 3,29 -0,77
Cespslizo Lrandns 4,19 0,84 3,35 -0,18
Cesaliza Lr3paSa 4,15 0,78 3,37 -0,19
Cesaliza LCrapAls 3,76 0,5 3,25 -0,06
Cesp3lizy Lrap Dy 3,06 0,67 2,39 -0,09
Ces3liza Lr3p S 3,58 0,95 2,63 -0,34
Cesalizy Lrap Hf3 3,60 0,60 3,00 -0,08
Cespaliza LCrpSe 2,61 0,46 2,15 -0,26

Table 2-10 Selected doped catalysts of g@lis3Lraz3 from library 10 at 350°C for conventional

verification based on temperature evaluation techmjue

a) CzHg oxidation b) CO oxidation

Cr Cr

Temperature Temperature
8

CsHg 350°C S co 350°C
2 .'Q'Q'Q'Q'I
'.'.\.?c'.'.'c ' o> VaPa¥au :
.'.' aVla® Q'.'Q : .'.'.'o".' 'l'l

'."' '.'.'."'

Ce Ti Ce Ti

Figure 2-15: Matlab modelling of infrared thermography experimental data’s of CeTiCr composition
spreads at 350°C. Reaction conditions (a): £ g/CO,/O,/N, = 4/15,8/10/70,2 vol%. (b)
CO/CO,/0,/N, = 5,45/15,8/10/68,75 vol%.

The temperature change in each catalyst wells @i@ecomposition spreads for propane and
CO oxidation techniques were used in the Mat-Laldellmg. 10 catalysts were selected for
conventional testing of CeTiCr composition spreandd listed in table 2-11 below. Red spots on
the diagram suggest that catalyst are highly acfihose red spots of propane oxidation were

compared with CO oxidation and selected for cotiveal testing.
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No. Catalysts No. Catalysts
1 CaoTligCrio 6 CeapTlisCrao
2 CeoTisCrso 7 CeoTli20Cr20
3 Cesoli40Crso 8 CeoTliao

4 CeoTizo 9 Ceoli1oCrao
5 CeTizCrsp 10 CeoTi20Crip

Table 2-11 Selected catalysts of CeTiCr compositispreads of library 10 at 350°C

2.10Conventional testing of third generation hits

The best catalysts selected out of library 10 wmreto conventional testing to validate the
performance towards propane oxidation. Hf, In, 8a¢ ¥ doped catalysts resulted out of doping
with Ces33Tiz3 Lrs3 3 catalyst were best performing. Similarly, 563850Crsp and CegoTis0Crao

were found very active and selective ,§I&s0Crio shows high selectivity but poor activity. The

performance of 7 candidates are shown in figuré 2al& b).

From the performance profile 2-16a, it can be m&f@érthe activity towards propane combustion
are in the order of ¥> In; > Hf3 > Sg. Especially vanadium and indium as dopants enhtnece
propane activity significantly. Comparing high thghput and conventional test results of
vanadium doped catalyst (table 2-7) with figureGa%3hows that high heat of reaction shown by
vanadium candidate in IR thermography is also th&t lactive catalyst proven conventionally
inspite of its higher emissivity changes. Thus fthrieves our selection criteria by temperature
evaluation techniques is the right way based oh ligd low emissivity changes. On the other
hand, selectivity of these four catalysts wereha order of S¢> V3 > Ing > Hf; at 350°C.
Highest selectivity of scandium doped catalyst alagut 76,2%.

The composition spread of CeTiCr elements shownfignre 2-16b indicates that both
CexTisoCrsg and CeoTisoCr posses comparatively higher activity and thatfdinener one is the
best with a conversion of about 65%.,§T&3,Cri is much less active and highly selective with a
conversion of about 21,5%and selectivity of 90,84his selectivity increase is an effect of
increased titanium content, or of conversion isalear yet. A detailed study of the effect of the
Ce, Ti, and Cr elements on performance will be udised in a later section. Therefore two
possible hits of the CeTiCr composition spreadsewken into consideration for the next
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generation catalyst developments. One is highlywactCeqTisoCrsg) and the other highly
selective (CeTigoCrio) catalysts.

a) Doped catalysts
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Figure 2-16: Conventional test results of selectedbped and composition spreads of CeTiCr candidatesf
third generation with reaction in increment order of temperatures from 150°C to 350°C.
Reaction conditions: 20mg of catalyst diluted withl00mg ofy-alumina with particle size of
100-200 pm (both). Total flow rate: 50ml/min (GHg/CO/CO,/O./N, = 2/10,9/15,8/10/61,3).
Catalyst pre-treatment: synthetic air with 50ml/min at 350°C for 1h.
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2.11Kriging

Kriging is a mathematical modelling technique whadvers forecasting and prediction of non
observed outcomes of random variables [143, 14d4%eB on the conventional test results of
composition spreads of CeTiCr elements from gemera, kriging plots have been drawn to
identify the highly active and selective compositgpace of catalysts for propane combustion

and shown in figure 2-17.

a) GHg conversion

Conversion
0

C.H,q Cr 350°C

Highly
active area

»

Ce Ti

b) GHs SeleCtiVity Selectivity
CH, Cr ss0°C

Q0

Ce

Highly selective
area

Figure 2-17: Kriging plots of composition spreads bCeTiCr elements during conventional tests at 35@.
Reaction conditions: 20mg of catalyst diluted witht00mg ofy-alumina with particle size of
100-200 pm (both). Total flow rate: 50ml/min (GHg/CO/CO,/O,/N, = 2/10,9/15,8/10/61,3).
Catalyst pre-treatment: synthetic air with 50ml/min at 350°C for 1h.
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2.12 High throughput experimentation of generation 4

CexTisoCrsg and CegTigoCrip catalysts along with four doped catalysts havenlsesdected for
further improvements in generation 4. Now the regeatrategy in the present generation was
divided in two ways. One was based on highly actiatalyst and the other one on highly
selectivities. Library 11 covers doping B 50Crsg catalyst with dopants which were found best
in the last generation, i.e. Hf, In, Sc and V elateeDoping is carried out at four different levels
of about 3, 5, 7 and 9 mol% of each dopant. Alsxipus metal doping of 8 metals at 0,5 and 1

mol% was studied for the &fisoCrso catalyst.

Library Catalyst composition

11 Eiooxy-L&TiyCr, with x = 19, 18,33, 17,67, 17; y = 49, 48,33, &( &7 ; z = 29,
28,33, 27,67, 27 ; E = Hf, In, Sc and V
D3Crg7Feo, DsCeTizgCrg with D = Al, B, Ba, Bi, Ca, Cd, Cr, Cs, Cu, Dy, Hu, Fe,
Ga, Gd, Ge, Hf, Ho, In, K, La, Li, Lu, Mg, Mn, Mbla, Nb, Nd, Rb, Sb, Sc, Se, Si,
Sm, Sn, Sr, Ta, Th, Te, Ti, Tm, VW, Y, Yb, Zn, Zr
CrFergox With x varies from 0 to 100 mol% in steps of 10%o
NMo sCe19 gTi498Crl29 8, NMo sCe0Ti49 sCr30, With NM = Ag, Au, Ir, Pd, Pt, Re, Rh, Ru

12 Library 11 is synthesised again and named ear{iti2

13 Eooxy-L&TiyCr, with x = 32,3, 31,6, 31, 31,3; y = 32,3, 31,6, 31,3; z = 32,3, 31,6,
31, 31,3; E=Hf, In, Sc and V
NM1Cerg,7Ti49,7Cr29,7, NM1Ce0Ti49Cr30, NMo 5Cé33,13T133,14Cr33 13 NM1Ce33Ti33Cr33,
with NM = Ag, Au, Ir, Pd, Pt, Re, Rh, Ru
D3CegTi4oCrg with D = Al, B, Ba, Bi, Ca, Cd, Cr, Cs, Cu, Dy, Hu, Fe, Ga, Gd, Ge,
Hf, Ho, In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, NdRb, Sb, Sc, Se, Si, Sm, Sn, Sr, Ta,
Tb, Te, Ti, Tm, VW, Y, Yb, Zn, Zr
Ce50Crs0, KsCey7, AlzCey7, CaglasCags, LagCog7, CleC0C077, Cei0Agsn, K2sCers and
Cs0C0go

Table 2-12 Catalyst compositions of libraries prepaed for HT screening in fourth generation
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a) GHg oxidation

b) CO oxidation

Figure 2-18: Emissivity corrected infrared thermography image of library 11 at 350°C. Reaction
conditions (a): GHg/CO,/O,/N, = 4/15,8/10/70,2 vol%. (b) CO/C@0./N, = 5,45/15,8/10/68,75
vol%. (C) CO,/O,/N, = 15,8/10/74,2v0l%. 1:C@Ti4gcr29803; 2 :Cey Ti4g’5cr3opdo’5.
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Further doping of about 3 mol% of 47 transitionnedmts with CeyTigoCripand CgoFeo were
considered followed by binary composition spreafithe CrFe catalyst and named library 11.
This library 11 was prepared twice and named asryp12 due to the wrong calcination
programming of 32 hours instead of 5 hours. Thisegation also includes ggTis3LCrs33
catalysts doped with precious metals of about @& & mol% and 8 metals along with 9
different catalysts from another project. Thus ¢hhibraries 11, 12 and 13 are considered as

fourth generation. Libraries and compositions aemtioned in the corresponding table 2-12.

All three libraries prepared have undergone primsgieening using IR camera. IR image of
library 11 is shown in figure 2-18.

Best catalysts from library 11-13 are summarisetbliies 2-13 to 2-15. Conventional testing
was performed on the 33 best materials. Figure Rld&trates the performance of the best
catalyst found on these libraries.

a) Library 11

Composition Temp °C  ATc3us’C  ATcszus’C Difference ATco°C
(Reaction) (Reaction) (Background) °C (Reaction)
CexlisLCr3Ados 250 7,15 4,54 2,61 0,26
Feloo 250 6,91 3,23 3,68 -0,42
CeigliaoCroSe 250 6,52 3,57 2,95 0,07
Cey7Tig7Cry7Hfg 250 4,44 1,91 2,53 0,13
Ceigaliag Lrg Hfs 250 4,28 1,70 2,68 0,29
CegTiaggCrxVs 350 14,44 4,89 9,54 -0,61
Ce77Tia7 Loz V7 350 10,36 3,25 7,10 0,01
Ceiggliag o dPlhs 350 6,41 0,49 5,92 -0,09
CrioFex 350 6,34 1,26 5,08 -0,25
Cexplig LCr3Pths 350 5,01 0,5 4,51 0,38
Table 2-13 Selected catalysts for conventional véidation based on temperature evaluation techniques
of library 11
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b) Library 12

Composition Temp °C  ATc3us’C ATc3us’C Difference  ATco°C
(Reaction) (Reaction) (Background) °C (Reaction)
CeyTizoCroBis 350 11,41 4,86 6,54 -0,12
CeTi7gCrgMog 350 10,67 4,45 6,22 0,19
CeTi7gCroCay 350 9,55 3,40 6,16 0,17
CeTi7gCroAl3 350 8,94 3,23 5,71 0,40
CeyTi7oCrgMgs 350 8,77 3,64 5,12 0,13
CeygliggCroWs 250 5,86 1,52 4,34 -0,27
Ceig gliag g R os 350 6,09 0,97 5,12 1,82
CexTiag Cr3oPh 5 350 6,84 5,21 1,62 -8,35
Ceig 3liag Lr8 356G 250 5,55 2,68 2,87 0,66
Ce7,7Tia7 L£r27 56 250 5,24 2,50 2,75 0,43
Table 2-14 Selected catalysts for conventional véidation based on temperature evaluation techniques
of library 12

c) Library 13

Composition Temp °C AT c3us’C AT c3us’C Difference °C ATco°C
(Reaction) (Reaction) (Background) (Reaction)
CeigTi49Cra0Si3 350 18,5 8,70 9,80 -1,22
CeygliggCragTmg 350 9,57 4,11 5,46 -0,68
CeygliggCrogHf3 250 7,19 5,12 2,08 0,05
CesTizCraHf 250 6,44 3,56 2,88 -0,14
CegTigCrgGos 250 6,37 3,77 2,60 0,06
CeiglisgCraeZng 250 6,10 3,48 2,61 0,01
Ces6Ti31,6Cra168Vs 350 7,30 2,01 5,29 -0,05
Ces6Ti31,6Crardns 350 4,14 1,50 2,64 0,22
CesTiziCraiSe 350 6,48 2,04 4,44 -0,01
CesCrso 350 6,58 0,79 5,78 0,11
KsCey7 350 7,69 1,52 6,17 -1,33
K2sCers 350 3,96 0,66 3,30 -0,69
Table 2-15 Selected catalysts for conventional véidation based on temperature evaluation techniques
of library 13
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2.13 Conventional testing of fourth generation hits

a) Library 11 hits

Conversion (%)

b) Library 12 hits

Conversion (%)
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c) Library 13 hits
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Figure 2-19: Conventional test results of selectezhtalysts of 4" generation hits with reaction in increment
order of temperatures from 150°c to 350°C. Reactioonditions: 20mg of catalyst diluted
with 100mg ofy-alumina with particle size of 100 — 200 um (both)Total flow rate: 50ml/min
(C3Hg/CO/CO,/O,/N, = 2/10,9/15,8/10/61,3). Catalyst pre-treatment: Bthetic air with
50ml/min at 350°C for 1h.

From figure 2-19a, it can be seen, that the presehaoble metal (Pd) of about 0,5% drastically
reduces the selectivity ofzBg oxidation favouring CO oxidation. This was actyalhe case
with all noble metal containing catalysts. It wasirid that CeTisoCr.oSg is the best catalyst of
this library which shows propane conversion of akg% but only at 400°C. Even though high
heat of reaction measured in IR screening of libsat2 and 13 with noble metal filled catalysts,
they were not selected as potential hits for cotigeal verification due to high CO oxidation
activities. From figure 2.19b, it can be seen Md &ndoped catalysts of library 12 show high
selectivities but activities are still lower wheongpared to CgTisoCrzp or CaglisgCreSc
catalysts. Tm, Gd and Si doped CeTiCr catalystbhohty 13 were the best performing catalysts
of this generation. Activities are in the ordefTof > Gd > Si as shown in figure 2.19c. This data
show that there is a tremendous improvement edpeiriathe selectivity of the @ generation
catalysts. It proves that high throughput technplagd combinatorial techniques are valuable
tool, for catalyst fine tuning. Catalysts develomhding the fourth generation can be further
finely optimised by fifth generation screening. Buior to this last generation development

some detailed studies on the effect of feed gasdsination temperatures, surface areas, XRD
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and the effect of individual elements on propaneviig were conducted. It was essential to get a
broader understanding of the data before the fipaimisation.

2.14 Effect of Ce 19Ti4oCr,9Sc3 catalyst

2.14.1 Reproducibility of the catalyst

Reproducibility is one of the important factorsréacheck the activity of the same catalyst and
also act as a step stone to upscale the catalistger amounts followed by characterisation and
mechanistic studies. Initially Gdi49Cr,0Sg was checked once again with the conventional set
up and results are compared. It was found thatebelts were reproducible shown in figure 2-
20. The CO conversion was even lower indicating thare may be further improvements by
optimisation of the catalyst synthesis.
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Figure 2-20: Reproducibility of CegTisCrogSG catalysts with reaction in increment order of

temperatures from 150°C to 350°C. Reaction conditits: 20mg of catalyst diluted with

100mg of y-alumina with particle size of 100-200 pum (both). @tal flow rate: 50ml/min

(C3Hg/CO/CO,/O,/N, = 2/10,9/15,8/10/61,3). Catalyst pre-treatment: Bthetic air with
50ml/min at 350°C for 1h.
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2.14.2 Up scaling of the Ce 19TisoCro9Sc3 catalyst

The reproducible catalyst &&i49Cr.0Sc was upscaled from 8 Mmoles to 130 Mmoles twice to
get approximately 20g catalyst. The two set of lgata were prepared based on the propionic
acid route method [147]. The preparation methoexlained in section 3.3. The two samples
prepared are named sample 1 and sample 2, perfoenodboth samples are shown in figure 2-
21.

It can be seen that the bulk samples 1 and 2 aferpeng well when compared to that of
original catalyst (see figure 2-20). The performaé sample 1 is slightly better than that of
sample 2, but both samples are less active thawrtgmal catalyst. Thus it can be concluded
that the catalyst can be upscaled, but the vanatioperformance is an indication of high
sensitivity on preparation conditions. This alsdigates that there might be potential for further

improvements by variation of synthesis.
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Figure 2-21.: Up scaling of CeTisCr.eSc catalysts with reaction in increment order of tempgratures
from 150°C to 350°C. Reaction conditions: 20mg ofatalyst diluted with 100mg ofy-alumina

with particle size of 100-200 um (both). Total flowate: 50ml/min (CsHg/CO/CO,/O,/N, =
2/10,9/15,8/10/61,3). Catalyst pre-treatment: syn#tic air with 50ml/min at 350°C for 1h.
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2.15Performance of the effect of feed gas composit  ions on the
Ce9Ti4CrogScs catalyst (upscaled sample 1)

2.15.1 Absence of CO , in the feed

The first study considered is the effect of @ the feed. For this feed gases flow through the
conventional flow reactor in the absence of,@®@lanced by N It was found that the conversion
is more or less the same at the highest operagngpérature of about 350°C. At 300°C,
conversion of propane in the presence and absenG®Opwere about 34,2% and 19,9% as

illustrated in figure 2-22. Thus the presence of, @Cthe feed reduces the active temperature of
CsHg oxidation.
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Figure 2-22: Effect of CQ, in the feed over CeyTisgCr,9SG catalyst (upscaled sample 1) with reaction in
increment order of temperatures from 150°C to 350°CReaction conditions: 20mg of catalyst
diluted with 100mg of y-alumina with particle size of 100 — 200 um (both)Total flow rate:
50ml/min (C3Hg/CO/O,/N, = 2/10,9/10/77,1). Catalyst pre-treatment: synthit air with
50ml/min at 350°C for 1h.

2.15.2 Absence of CO in the feed

It is interesting to see the effect, if the feeded in the absence of CO as shown in figure 2-23.
It is inferred that GHg conversion is achieved about 72% in the absen&oin feed and was
about 71% in the presence of CO at 350°C indicatiaj CO does not affect;8g conversion. It
was found that there is CO formation in the prodaisdut 0,7 vol% at 350°C. But it is not
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known, if the CO formed in the product is due te gartial oxidation of gHg or CQ, reduction
with CsHs.
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Figure 2-23: Effect of the absence of CO in the fdeover CegTisCreSG catalyst with reaction in
increment order of temperatures from 150°C to 350°CReaction conditions: 20mg of catalyst
diluted with 100mg of y-alumina with particle size of 100-200 um (both). @tal flow rate:
50ml/min (CsHg/CO,/0,/N, = 2/15,8/10/72,2). Catalyst pre-treatment: synthit air with
50ml/min at 350°C for 1h.

2.15.3 Absence of C 3Hg in the feed
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Figure 2-24: Effect of the absence of g in the feed over CeyTisoCroSG catalyst with reaction in
increment order of temperatures from 150°C to 350°CReaction conditions: 20mg of catalyst
diluted with 100mg of y-alumina with particle size of 100-200 um (both). @tal flow rate:
50ml/min (CsHg/CO,/0,/N, = 2/15,8/10/72,2). Catalyst pre-treatment: synthit air with
50ml/min at 350°C for 1h.
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Another experiment is carried out in the absenc€4sfs in the feed to see the effect of CO
oxidation over the catalyst as plotted in figur@2-It is envisaged that CO conversion was
21,9% in the absence otz and 15,8% in presence 0§l in feed at 350°C. The presence of
propane in the feed blocks the active sites for &@ preferentially oxidised by the catalyst.

Thus the catalyst is not a solo oxidation catadyst acts as a preferential oxidation catalyst.

2.15.4 Effect of O , concentration in the feed

Another important experimental study consideretthéseffect of Q@ content in the feed. Two set
of oxygen concentrations have been chosen in casgmawith our standard concentration of 10
vol% in the feed gas. One is of low feed &@ncentration with 5 vol% and another with higher
concentration of about 15 vol%. Results are ploitefigure 2-25. When the £concentration is
reduced to half, then4#8g conversion is also reduced to half from 71,1% 5¢l%. Similarly,
increase in @ content to 15% increases the propane conversiahraaches a maximum
conversion of about 97% with the expense of seliégtat 350°C. Thus there is a first order

dependence of 4Eig conversion on oxygen concentration, while theneaslear dependence of
CO oxidation on conversion.
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Figure 2-25: Effect of O, concentration in feed over CeTisoCr,eSG catalyst with 5, 10 and 15 vol% Q
concentration in the feed with reaction in incremen order of temperatures from 150°C to
350°C. Reaction conditions: 20mg of catalyst dilutewith 100mg ofy-alumina with particle

size of 100 — 200 pm (both). Total flow rate: 50nmiin. Catalyst pre-treatment: synthetic air
with 50ml/min at 350°C for 1h.
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2.16 Effect of Ce, Ti and Cr elements on the cataly tic activity of
CeyTisoCrag Catalyst

In order to gain insight into the nature of theatgic contributions of the three metal ions in
CexTisoCrsg, the individual oxides Gey, Tizgo and Cigp and binary spreads of all combinations
based on the ratios of ternary material preparedeassTi71 4 CeoCrso and Tk2 Crs7 5 were also
investigated. All six catalyst preparations follothe same sol-gel recipe used for the
CexlisoCrsg catalyst. The surface areas and activity at 35fi°&@ll 6 catalysts were tabulated in
table 2-16.

No. Catalysts Conversion at 350°C Surface area
(%) (m*g)
CsHs CO

1 Ceaowno 27 22 153

2  Tiwo 2 8 14

3 Chgo 9 4 17

4 Ti%i0 0 4 33

5  Tiio0 0,6 5 5

6  Crio 60 61 255

7 Cegglizia 0,2 4 165

8 CeaCrso 43 20 101

9  TigpCr375 42 0 233

10 CegTliseCrao 66 26 238

Table 2-16 Surface areas and activity at 350°C ofemoxides and binary oxides of CgTisCr 3o catalyst

* — catalysts calcined at 250°C instead of 400A@ & dissolved in iso-propanol.

IP — Ti dissolved in iso-propanol instead of metilaand nitric acid.

2.16.1 Effect of pure Ce, Ti and Cr elements

Initially effect of Cagq, Tizoo and Cigo Were studied in the conventional flow reactor. €fffects
are plotted in figure 2-26. G® is slightly active and unselective with propaned aBO
conversions of 28% and 22%. At low temperatureethe a slight preference to CO oxidation

and at 350°C propane conversion is slightly highero is inactive for propane oxidation even
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Figure 2-26: Effect of Cegg Tiigo and Crygg catalysts with reaction in increment order of tempgratures
from 150°C to 350°C. Reaction conditions: 20mg ofatalyst diluted with 100mg ofy-alumina
with particle size of 100-200 um (both). Total flowate: 50ml/min (CsHg/CO/CO,/O,/N, =
2/10,9/15,8/10/61,3). Catalyst pre-treatment: synghic air with 50ml/min at 350°C for 1h.
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Figure 2-27:  Effect of Ti 100 Ti" 100 and Cr’ 100 catalysts with reaction in increment order of temratures
from 150°C to 350°C. Reaction conditions: 20mg ofatalyst diluted with 100mg ofy-alumina
with particle size of 100-200 um (catalyst) and 26800 pm ¢-alumina). Total flow rate:

50ml/min (CsHg/CO/CO,/05/N, = 2/10,9/15,8/10/61,3). Catalyst pre-treatment: sthetic air
with 50ml/min at 350°C for 1h.
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at higher temperatures, but it only converts COyCis slightly active showing propane
conversion of 10% at 350°C and indicating the origf the hydrocarbon selectivity. On the
other hand, the surface areas ofbdand Cig are very small and not comparable with the other
oxides. Hence it is worthwhile to improve the sogareas of both Cr and Ti monoxides. One
alternative for Tipp preparation was dissolving the titanium precursoiso-propanol instead of
methanol and nitric acid. The surface area ine@dmsit it is still smaller compared to the other
oxides and it remained completely inactive towgrdgpane oxidation as shown in figure 2-27.
Another possibility could be the reduction of caltion temperatures from 400°C to 250°C.
Again Croo and Tigo were prepared by dissolving Ti precursor in isogamnol and Cr as like
conventional method (methanol as solvent), driedl @lcined at 250°C. The surface areas are

tabulated in table 2-16 and conventional test teqilthese catalysts are shown in figure 2-27.
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Figure 2-28: Effect of Tigo catalyst (Letmann method) with reaction in incremat order of temperatures
from 150°C to 350°C. Reaction conditions: 20mg ofatalyst diluted with 100mg ofy-alumina
with particle size of 100-200 um (catalyst) and 26800 pm f-alumina). Total flow rate:
50ml/min (C3Hg/CO/CO,/O,/N, = 2/10,9/15,8/10/61,3). Catalyst pre-treatment: sthetic air
with 50ml/min at 350°C for 1h.

The performance of the Ggo with a very high surface area provides that beictions are
competing each other and achieves conversion of I6@¥% and leads the catalyst is completely
unselective. Similarly both Tig and TI"100 were completely inactive for propane oxidation.

While looking for the surface areas of all thrempkes, still Tiiog, Ti" 100 is Not comparable and
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Cr 100 is comparatively higher. Hence it is advisableatmpt new methods for G catalyst
preparation. Additional two methods were selectemin Jens Klein et.al. [145] and Letmann
et.al. [146]. The method of synthesis is explaimedsection 3.4. The performance ofgbi
(Letmann method) is shown in figure 2-28. The stefareas of Ti prepared by Letmann et.al
was found to be 62,5%y and the sample prepared by the method of Jegia Kt. al cannot be
determined. Though surface areas were not identuithl the Ckoo Sample but there is the
desired increase in surface area. Conventionalicaion shows that the 1go prepared by the
Letmann method is completely selective towards Q@ation and achieves an activity of about
11%, while the other material was completely ingector both oxidations.

2.16.2 Effect of the binary oxides of the Ce  ,oTi5oCr3 catalyst

The associated binary oxides 681714 CeoCrso and T2 Crs7 s of CeglisCrzp have been
prepared and studied. The effects are shown irdi@429. It seems that CeTi is completely
inactive. CeCr is active and reaches conversictBé6 with a selectivity of 68%. The best one is
TiCr which is active with a propane conversion 82 and completely selective. The surface
areas of binary oxides are mentioned in the tailé.2
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Figure 2-29: Effect of Cegelizie CeCreo and Tiep £Cra7 5 Catalysts with reaction in increment order of
temperatures from 150°C to 350°C. Reaction conditits: 20mg of catalyst diluted with
100mg of y-alumina with particle size of 100-200 um (both). @tal flow rate: 50ml/min
(C3Hg/CO/CO,/O,/N, = 2/10,9/15,8/10/61,3). Catalyst pre-treatment: sthetic air with
50ml/min at 350°C for 1h.
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Therefore the addition of Ce in the TiCr catalystreases the catalytic oxidation of propane,
apparently at the expense of selectivity. The @gtimcrease by the addition of Ce attributes
probably to its oxygen storage capacity [147]. Bi@Rqo iS not selective, there must be some
unknown cooperative effect of Ti and Ce to reads tigh selectivity. Hence at this stage it can
be concluded that Ti and Cr are important elemimtselective propane oxidation.

2.17 Improvement of the Ce ,Ti5oCrzg catalyst

Before entering into the optimisation routine foexh generation catalyst development,
CeyplisCrsg catalyst was studied in detail for further improents by the effect of pre-
treatment, long term stability, effect of highemigerature calcination, optimum calcination

temperatures, best synthesis methods and exteasas transport limitations.

2.17.1 Effect of pre-treatment
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Figure 2-30: Effect of pre-treatment on CeyTisoCrap catalyst with reaction in increment order of
temperatures from 150°C to 350°C. Reaction conditits: 20mg of catalyst diluted with
100mg of y-alumina with particle size of 100-200 pum (both). @tal flow rate: 50ml/min
(C3Hg/CO/CO,/O,/N, = 2/10,9/15,8/10/61,3). Catalyst pre-treatment: Bthetic air with
50ml/min at 350°C for 1h.
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The pre-treatment is a technique to activate thalyst before the reaction starts. This is done
for all experiments by passing synthetic air doafrate of 50 ml/min for 1h through the reactor

filled with the catalyst. The temperature at thealyst bed was maintained at 350°C. This study
is investigated for the importance of pre-treatntenhniques using synthetic air. Comparison of
performances with and without pre-treatment isgmé=d in figure 2-30. It shows that there is no

drastic improvement in activity and selectivitytbé catalyst by pre treatment.

2.17.2 Effect of long term stability measurement
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Figure 2-31.: Effect of long term stability measurerent on the CeggTisoCrao catalyst at 350°C. Reaction
conditions: 20mg of catalyst diluted with 100mg of-alumina with particle size of 100-200
um (both). Total flow rate: 50ml/min (C3Hg/CO/CO,/O,/N, = 2/10,9/15,8/10/61,3). Catalyst
pre-treatment: synthetic air with 50ml/min at 350°Cfor 1h.

The life time of the catalyst is one of the impattéactors. The catalyst performance profile is
shown in figure 2-31. The catalyst stability wastéel under reaction conditions at 350°C for
about 6,5 days. It shows that the catalyst is cetapyl stable at an average propane conversion
of approximately 45% throughout the complete week.
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2.17.3

Figure 2-32:

Figure 2-33:

Effect of higher calcination temperature
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Effect of higher calcination temperatue (700°C) over Cg,TisoCr 3 catalyst on the reactivity
with reaction in increment order of temperatures from 150°C to 350°C. Reaction conditions:
20mg of catalyst diluted with 100mg ofy-alumina with particle size of 100-200 um (both).
Total flow rate: 50ml/min (C3Hg/CO/CO,/O,/N, = 2/10,9/15,8/10/61,3). Catalyst pre-
treatment: synthetic air with 50ml/min at 350°C for 1h.
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Effect of calcination temperatures oveCe,TisCr g catalyst on the reactivity with reaction
at 250°C and 350°C. Reaction conditions: 20mg of tdyst diluted with 100mg of y-alumina
with particle size of 100-200 um (both). Total flowate: 50ml/min (CsHg/CO/CO,/O./N, =
2/10,9/15,8/10/61,3). Catalyst pre-treatment: synghic air with 50ml/min at 350°C for 1h.
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The purpose of this study is to identify the effeftcalcination temperature and to find an
optimum calcination temperature for catalyst sysiheCegoTisoCrsp catalyst is prepared in the
same traditional way, but the calcination tempesatwas increased to 700°C from 400°C.
Conversion profiles are shown in figure 2-32 arnfénred that there is complete loss in activity
of the catalyst for both oxidation reactions whathuld be due to increase in particle growth with
increased calcination temperature.

Thus from the performance of high temperature oefticatalyst, work flows to find the
optimum calcination temperature for catalyst sysiheFor this, 300, 350, 400, 450 and 500°C
were chosen as calcination temperatures ghTGgCrsy catalyst and all 5 different catalysts
were tested conventionally. The conventional bewavishows there is least dependence of
calcination temperature window from 300 to 500°@ anggests that catalyst calcined at 450°C

is optimum with a slight improvement in activitydagelectivity shown as in figure 2-33.

2.17.4 Optimisation of synthesis methods
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Figure 2-34: Optimisation of new synthesis methoden CexTis,Crsg catalyst with reaction in increment
order of temperatures from 150°C to 350°C. Reactiorronditions: 20mg of catalyst diluted
with 100mg of y-alumina with particle size of 100-200 um (both). @tal flow rate: 50ml/min
(C3Hg/CO/CO,/O,/N, = 2/10,9/15,8/10/61,3). Catalyst pre-treatment: Bthetic air with
50ml/min at 350°C for 1h.
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The study focuses to improve the catalyst synthem¢hods and also to find whether the
synthesis can be simplified and activity can berowpd. First, several commercial samples of
Ce(, TiO, and CsO3 were ground together in appropriate proportions ball mill for about 1h
(oxide route). The macroscopically mixed oxides everalcined at 450°C and verified
conventionally and shown in figure 2-34. It shothere is no activity at all and confirms the
importance of the sol-gel approach to get mixedamexides. As a other method B 5¢Crsg
was prepared dissolving titanium iso-propoxidesio+propanol. This method is very simple and

also reduces time. The performance is comparaliteatmf the conventional method.

2.17.5 Effect of external film transport limitation S

In other study the effect of film transport limitais of the CgTisCrz catalyst was
investigated. In this study 5 different types @il rates were chosen as listed in the table 2-17.
Each flow rate is studied as separate experimehisgplotted in the profile shown in figure 2-35
for the reaction at the temperature of 350°C. Itheaxperiment the ratio of catalyst mass to total

flow rate is kept constant to about 0,4 to havestamt residence time.
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Figure 2-35: Effect of external film transport limitations on CeqTisoCray catalyst at 350°C. Feed

concentration (CGHg/CO/CO,/0,/N, = 2/10,9/15,8/10/61,3). Catalyst pre-treatment: sthetic
air with 50ml/min at 350°C for 1h.
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Total flow Synthetic air | Reaction gas | Catalyst y-Alumina Total mass
rate flow rate flow rate mass (mg) | mass (mg) (mg)
(ml/min) (ml/min) (ml/min) 100 —200 um| 200 — 500 pm

20 10 10 8 40 48

40 20 20 16 80 96

50 25 25 20 100 120

60 30 30 24 120 144

80 40 40 32 160 192

Table 2-17 Feed flow rates, amount of catalyst anidert required for external film transport limitati on

study with CexoTisCr g catalyst

From the profile it is clear that, for low flow ethe conversion of propane is smaller and with
increasing flow rate there is a steady, althoughlsimcrease in the conversion of propane. At

the flow rate of 50ml/min and higher this mass $gaort limitation start to disappear.

So far, a detailed study on the effect of feed gasal the effect of the elements obL&I&;0Crso

catalyst followed by thermal, long term stabilitpass transport limitations and pre-treatment
study have been studied. From this it is envisapatl Ti and Cr elements are the important
elements of selective propane combustion. In thea generation we search for very high

propane activity and complete selectivity.
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2.18High throughput experimentation of catalyst ge neration 5

Based on the results of the fourth generation,harctet of libraries were designed, prepared and
named & generation libraries. This generation was preparentder to fine tune the optimum
catalyst compositions for propane combustion asd & reduce the light off temperature of
propane. Based on the knowledge gained with thgeheration, precious metal doping is rather
selective for CO oxidation. Hence precious metaiteot was reduced from 1 mol% and 0,5
mol% to 0,05 mol% and 0,01mol%. All libraries paegd in this generation are mentioned in
the table 2-18 below.

Library Catalyst composition

14 Doping of noble metals [NM] in 0,05mol% and Gyid% with the candidates

mentioned in table 2-19

15 CaCrsg,098\ Mo 05 CeoCrs9,90NMo 01, Tie2,48Cr37,9NMo 05 Tie2,44Cr37,NMg 01 With NM =
Ag, Au, Ir, Pd, Pt, Re, Rh, Ru

16 Tisg,8Cr37,8D3, Tiaz sCra7, 920, Tie2,5Cr34,8D3, Tie2,5Cr17,8D20, Tis2sCla7,d020, D= Al, B,
Dy, Gd, Hf, Sc, Si, Sm, Tm

TixCry with x and y varies from 0 to 100 mol% in steps6fmol%

Table 2-18 Catalyst compositions of libraries prepaed for HT screening in fifth generation
No | Catalysts No | Catalysts
1 | CepalizaLCr2aVs | 7 | Cepalizg,LCraz Hf3
2 | CepalingLCra2dnz | 8 | Cep3lizzCr32,3Sg
3 | CagliaCrglms 9 CeTisoCrsg
4 | CeaglisgCragGds 10 | Cea3lizzLrazz
5 | CeagliaCreSa 11 | CeTizoCryBi3
6 CegTlisgCragSiz 12 | CeTizCrgMgs

Table 2-19 Catalysts to be doped for synthesis abtary 14
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a) GHg oxidation

b) CO oxidation
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Emissivity corrected infrared thermography image of library 14 at 250°C. Reaction

Figure 2-36:
conditions (a): GHg/CO./O,/N, = 4/15,8/10/70,2 vol%. (b) CO/C@0./N, = 5,45/15,8/10/68,75

vol%. (¢) CO,/O,/N, = 15,8/10/74,2 vol%.
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The IR images shown in figure 2.36 indicate clednigt catalysts suffer a very high emissivity

changes after propane oxidation (figure 2-36cjvduld be better for a reliable interpretation if

the emissivity changes could be minimised. Henloeaity 14 had been tested with some more
experiments to see whether this effect could beiaed significantly. Three more experiments
were carried out of library 14.

1] Reduction of integration time of the IR camemani 0,05s to 0,01s at 350°C

2] Increase of the temperature calibration windomnf -4 to +6°C to -8 to +12°C.

2.18.1 Reduction of integration time

a) GHg oxidation
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Figure 2-37: Influence of integration time in infrared thermography image of library 14 at 250°C.
Reaction conditions (a): GHg/CO,/O,/N, = 4/15,8/10/70,2 vol%. 1:C@Ti59dCr 26Gd3A 0,01

2: Cergliag ofCr 20T M3Rey o1.
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Integration time is the time that the IR camerangakto capture pictures of the library plate at
the corresponding reaction temperatures and itnisinaerse function of temperature. For
example at 350°C the integration time was reduceth f0,05s to 0,01s (figure 2-37) which
enable us to capture the picture of the libraryhwésser emissivity changes of the catalyst
materials. Since high heat of reaction producehigtt temperatures, lesser the integration time

could facile the hits selection with reduced comijties such as false positives and negatives.

2.18.2 Increase of temperature calibration window

a) GHs oxidation
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Influence of temperature calibration n infrared thermography image of library 14 at 250<C.

Figure 2-38:
Reaction conditions(a): GHg/CO,/O,/N, = 4/15,8/10/70,2 vol%. 1:CgTi4godCr 26Gd3A0 01

2: CeygTli4g,08Cr 26TM3RE 01
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Prior to the measurement, library emissivity is sugad at 6 different temperatures from -4 to
+6°C around the desired reaction temperature ulgecalibration gas (CCO/O,/N,) flow to
correct the emissivity differences across the fiprplate. An attempt has been made by
broadening this temperature calibration window freBnto +12°C instead of -4 to +6°C as
shown in figure 2-38 and has no influence on théssiwity changes reduction and rather looks
similar to that figure 2-37 which indicates thateigration time selection of the IR camera is
essential to reduce these effects, selected hitsofoventional testing of this library would now

be chosen. They are listed in the table 2-20.

2.18.3 IR thermography of library 15

As we discussed in the last generation (Sec 2.1th2)Ce.Crg catalyst was found to be an
active catalyst in the binary spreads ohbdT&Crso catalyst. Doping of this GgCrso catalyst
with 8 precious metals of 0,05 mol% and 0,01 mol%swarried out and named as library 15.
The library synthesised was tested with a new IReara with 256 x 256 pixel is used. The
camera used in all previous libraries could noubed at this moment. Testing conditions were
the same except that the maximum temperature tifrthie reaction operation was about 300°C.
The IR image of this library 15 is shown below iguire 2-39.

a) GHg oxidation
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b) CO oxidation

c) Background image aftersBg oxidation

Figure 2-39: Emissivity corrected infrared thermography image of library 15 at 300°C. Reaction
conditions (a): GHg/CO,/O,/N, = 4/15,8/10/70,2 vol%. (b) CO/C@O./N, = 5,45/15,8/10/68,75
vol%. (C) CO,/0,/N, = 15,8/10/74,2v0l%. 1:C@Cr59,95Pd0,05' 2 :Ce40Cf5g’g£Q)vo5

The results of library 15 meant that there are mgssivity changes of the catalyst after propane
oxidation. The reason could be due to the usdiokeér sapphire glass which transmits the IR
radiations than the old one (thinner) in previoibsakies. The hits found from this library are
listed in table 2-21.

Finally library 16 was prepared by doping of:dCrs7 5 catalyst with the 9 best elements of
previous generations and tested in IR camera. TheMere selected and tabulated in table 2-22.
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All potential hits listed in the tables below werenventionally tested and the conventional
profiles of best candidates are plotted in figu#02and of the remaining catalysts activities are
tabulated in table 2-23.

a) Library 14

Composition Temp °C  ATc3us’C  ATcaps’C Difference ATco°C
(Reaction) (Reaction) (Background) °C (Reaction)
Cegligg olrdGhRWw e 210 3,66 2,17 1,48 -0,24
CeygTiag ofr20SER 01 210 3,58 2,21 1,38 -0,20
Cesp 3li32,24Cr32 Hf3Rhy o5 210 3,03 1,66 1,37 -0,06
Ceglisg ollrdGhRe 1 210 3,56 2,20 1,36 -0,30
Ceglisg olrdGBAGo 01 210 3,48 2,16 1,32 -0,18
CeygTiag ollr0SisR W 01 210 3,24 1,93 1,31 -0,17
CeiglisgollrogTMsRe 01 210 3,45 2,15 1,30 -0,30
Cespalizn ofrsp HfsPhor 210 3,04 1,75 1,29 -0,12
Cespalizn ofr32 HfsRW o1 210 2,94 1,67 1,28 -0,17
Ceigliag olreGhBRp 1 210 3,32 2,05 1,27 -0,19
CexoTlia9,06Cr30R W 05 210 3,20 1,94 1,26 -0,18
CexTliag,9dCr30R W 01 210 3,09 1,84 1,25 -0,14
CexoTligg 95Cr30lr0,05 210 3 1,85 1,16 -0,14
Table 2-20 Selected catalysts for conventional véidation based on temperature evaluation techniques
of library 14
b) Library 15
Composition ATc3us’C ATc3us’C Difference °C  ATco°C
(Reaction) (Background) (Reaction)
CeyoCrs9.980,05 2,48 0,13 2,35 0,85
CeyoCrsg 0P h 05 2,00 0,22 1,78 0,72
CeyoCrs9,9Re,01 1,58 0,18 1,40 0,59
CeyoCrs9 90R e 05 1,52 0,17 1,35 0,5
CeyoCrsg 9RMy 05 1,51 0,15 1,36 0,55
Table 2-21 Selected catalysts for conventional véidation based on temperature evaluation techniques

of library 15 at 300°C
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c) Library 16

Composition AT c3ps’C AT c3us’C Difference °C  ATco°C
(Reaction) (Background) (Reaction)

Tis2,8Cra7,5TMyo 12,64 4,38 8,26 0,18

Tis2,sCr27 9Mg20 11,51 5,79 5,73 -0,53

Tis2 sCro7 sHf20 11,39 4,40 6,99 0,47

Tis2 5Clo7 55k0 9,92 4,24 5,67 -0,72

Tis2 sCr278Cex0 9,53 3,77 5,76 0,03

Tis2,sCra7. My 5,81 1,40 4,41 0,39

Tisg Cr37 8DY3 6,35 2,19 4,16 0,30

Table 2-22 Selected catalysts for conventional véidation based on temperature evaluation techniques

of library 16 at 350°C

2.19 Conventional testing of fifth generation hits
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b) Library 15

c) Library 16

Figure 2-40:
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Conventional test results of selectechtalysts of &' generation (a) library 14 (b) library 15 (c)
library 16 with reaction in increment order of temperatures from 150°c to 350°C. Reaction
conditions: 20mg of catalyst diluted with 100mg ofj-alumina” with particle size of 100-200

um (both). Total flow rate: 50ml/min (C3Hg/CO/CO,/O,/N, =2/10,9/15,8/10/61,3). Catalyst
pre-treatment: synthetic air with 50ml/min at 350°Cfor 1h.

y-alumina with particle size of 200 — 500 um is usedonventional testing of library 16.
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Figure 2-40 indicates the best conventional telspiufiles of 3 libraries of generation 5. It is
inferred (figure 2-40a) that the reduction of nobtatent from 1 and 0,5 mol% to 0,05 and 0,01
mol% has a good impact on activity and selectiatypropane oxidation. It shows about 7%
increase in propane conversion when the Gd dopedlstis doped further with a small amount
of Ag. The Pd catalyst has still a strong negaitifieience on propane selectivity, it increases the
CO oxidation when the GgCrgp catalyst is doped with 0,05 mol% Pd, which is shawfigure
2-40b, but Re increases the propane activity wothesloss in selectivity when compared to the
undoped CeCr catalyst. Additionallys3 kCrs7 Pt o5 catalyst is tested conventionally though it
does not show any activity in high throughput screg. It also shows increase in propane

conversion with some loss in selectivity.

Catalyst Xc3us Xco (%) | Catalyst XcaHs Xco (%)
(%) at at 350°C (%) at at 350°C
350°C 350°C

CeioTiag olr20GkRUW o1 | 79 22 CeoCrso,0ftoos | 57 27

Ceiolisg,od20SGRMN o1 | 80 24 CeoCrso,0fhos | 47 54

Cesz,3Ti32,24Cr32 HF 3Ry 05 | 72 26 CeoCrsooR& 01 | 41 16

Ceioliag odlr2oGhR& 01 | 75 23 CeoCrso,oRR&,05 | 68 30

CeioTiag ol 20GhAo,01 | 87 24 CeoCrse,0RNo,05 | 40 14

CeioTiag 0dCr20SiBR W 01 67 18 Th2,4Cr37Pbos | 49 10

Ceiolisg ol TMREy 01 | 73 18 T2 sCro75TMy | 40 9

Ces,3Tiz2,2Cr32 HfsPh o1 | 74 51 Té2,Cr7Mg20 | 22 7

Cesz,3Ti32 24Cr32 HF3RW 01 | 76 33 Th2,5Cr27 Hf20 44 2

Ceioliag odl 0GR o1 | 79 20 Th2,5Cr27,55k0 25 3

CexoTligg,04Cr30RUp,05 68 26 TeoCr7:Ceo | 37 14

CexoTia9,08Cr30R W 01 78 24 Te2sCro7 M | 41 19

CexoTiag,04Cr30lM0,05 7 20 Tho sCr37,8Dy3 28 0

Table 2-23 Conversion of GHg and CO oxidation at 350°C of active hits of fifthgeneration

In the case of library 16 hits, it was found tHae tatalysts were completely selective and only
marginal improvement in the activity was found whECr catalyst was doped with 20% Hf
plotted in figure 2-40c. Remaining hits activitiessted conventionally of'5generation are
tabulated in table 2-23.
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3 Experimental

This section contains the experimental part ofalierations regarding the catalyst synthesis by

high throughput and conventional ways, followeddst set up and experimental procedures.

3.1 High throughput library synthesis

The catalyst libraries were synthesised with thlecsed sol-gel recipe by the library design
software Plattenbau [139, 140]. The software catesl the optimised pipetting list based on
recipes and reagents which in turn controls thepteta operation of the pipetting robot (Lissy,
Zinsser Analytic) for the volume transfer from pesor stock solutions to the corresponding
2ml GC vials array containing 50 vessels, whichengaced in the roboter work space to get the
final mixed catalyst sol. The catalyst sols wergesd in an orbital shaker [Titramax, Heidolph]
to get homogeneous solutions. The solutions weaesl dd calcined to attain complete mixed
metal oxide catalysts. The metal nitrates (Al, &g, Ce, Cd, Co, Cr, Cu, Dy, Er, Eu, Fe, Ga,
Gd, Ho, In, K, La, Li, Lu, Mg, Mn, Na, Nd, Ni, S&m, Th, Tm, Y, Yb, Zn and Zr), alkoxides
(Bi, Ge, Mo, Si, Ta, Ti and V), chlorides (Ba, &#, Ir, Nb, Re, Rh, Ru, Sb, Sn, Sr, Te and W),
Bromides (Au and Pt), acid (B and Se), acetates RP) were used as precursors of 0,1M stock
solutions dissolved in different solvents such athanol, 2-propanol, water and n-propanol.
Base metal oxide stock solutions were about 0,58#8th catalyst was prepared in about 300
pmole amounts. Catalysts are described in ternmetél ions with mol% as subscripts which
represent the expected concentration of catalyst Bor example NyCo,00x means 60 mol% of

Ni and 40 mol% of Co with Qas unknown oxidation states of mixed metal oxidHse

preparation of catalyst libraries were followedtisp methods.

3.1.1 Ethylene glycol method

The sol-gel recipe used to synthesise catalysestbas this method for libraries (2, 3, 4, 5 and 6)

and explained elsewhere in [60, 148, 149]. The gémecipe is as follows.

a.A:b.B:d. D: 20 EG: 404@: 4 HNG
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A, B and C = Ce, Co, Cu, Fe and Ni dissolved inytethe glycol
a, b and ¢ =varies from 0 to 100 mol% in stejds mol%

D = 48 dopants listed in each ligrsynthesis of chapter 2 with 3 mol%

For example, synthesis of @yC037Sr; was done by pipetting 240 ul of 0,587M Nip&H,O
and 148 pul of 0,587M CoNgBH,O solutions dissolved in ethylene glycol and watextures
(66/34,v/v). Then 90 ul of 0,1 M Sr£XbH,O dissolved in methanol were added. Finally, 38ful
ethylene glycol-water mixture and 83 ul of 65wt% GY\Nwere added. After completion of
pipetting steps of one GC rack, the samples wenedtin the orbital shaker (Titramax 100,
Heidolph) for about 1h. After stirring, the catdlygas dried and calcined under static air. The

calcination program is as follows.

25°C 0 ¥ = 80°C (12h) 0 ¥ = 105°C (60h) 0 ¥FF - 400°C (5h) O FF it - 25°C.

3.1.2 Propionic acid method

The catalysts of library 9 to 16 were preparedtiy tmethod [150]. The general recipe of this

method is as follows.

aA: b. B: c. C: 3 KB (4-hydroxy 4-methyl 2-pentaia): 0,02 CHCH,COOH

A, B and C = Ce, Cr, and Tiissolved in methanol (* indicates Ti dissolvedhiixture of small
amount of HNQ and methanol)
a, b and ¢ =varies from 0 to 100 mol% in ste@dg0omol%

For example the preparation of &£Hs(Crsg was performed by pipetting 102 ul of 0,587M
Ce(N)3.6H,0 in methanol, 256 pl of 0,587M Ti(OiR1in methanol and HN§(65wt%), 153

pl of 0,587 M Cr(NQ)3.9H,O in methanol and 112 ul of 8,06M complexing ageited with
propionic acid is added. Care should be taken wiriéggaring titanium precursors. The weight
ratio of HNG; to titanium-iso-propoxide is 0,06 to 1. Both aaidd titanium were weighed in
separate beakers. Then slowly titanium-iso-propoxwds added to the HN@ontaining beaker
under continuous stirring. Finally methanol was etidand stirred for about 20 minutes.
Similarly propionic acid was mixed with complexiagent because of the very low volume of

acid to be pipetted by the robot. After all thegttimg steps for one GC rack were completed, the
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catalyst sols were stirred in an orbital shakerltor Later racks were dried at 40°C for 5 days to
obtain a gel. Finally, the racks were heated froonr temperature to 400°C at a heating rate of
20°C/h under static air conditions. At this tempera the catalysts were calcined for 5h and
cooled down again at the rate of 120°C/h to roompterature.

The catalysts calcined by both methods were grantadfine powders using a spatula and filled

into the wells of the slate plate library contam206 wells.

3.2 High throughput screening of catalyst libraries

Emissivity corrected infrared thermography (ec-IRU@s used for the parallel investigation of
the catalyst libraries. Measurement and workinggples were explained in detail previously

[141, 142]. The experimental set up of ec-IRT isvgh in figure 3-1.

IR camera

Reactor
Sapphire glass

Figure 3-1: IR thermography experimental set up.

The setup consists of reactor made of steel widrge opening where the library is placed for
measurement. The reactor has a heating plate Ietleatreaction chamber and the library is
covered by a sapphire glass which allows direainding of temperature changes at the catalyst
surface through IR radiation. The isothermal terapee distribution is achieved in the reactor
by means of thermocouple and a controller [Jumomir6.1]. The heat of reaction is measured

in parallel by using an IR camera. It consists ¢®iPdetector of 640 x 480 pixel from
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Thermosensorik. The required feed gas for the imagtas supplied to the reactor unit with the
help of a mass flow controller [MKS]. Feed gasesegfuired composition flows over the library
filled with 206 catalysts, placed in a closed tighs phase reactor. In between reactor unit and
mass flow controllers, magnetic valves were insthlivhich act as controller and allow the gas

to pass through the reaction unit when the cormedipg valve is opened.

The reaction gases were fed into the reactor byiledl holes on the upper part in the radial
direction and product gases leaves the reactor tantugh central hole in the library. The
product gas leaving the reactor enters the steam ttv condense water molecules and then
through GHsg, CO and CQinfrared sensors [GfG].

ec-IRT experiment is carried out as following.

» Placing the library in the reactor, covering widpphire glass and well tightly screwed to
avoid any leakage.

e Start pre-treatment using synthetic air with 50 nm at 350°C (250°C in first
generation) for 1h.

» Six point calibration using calibration gas (£0»/N, = 15,8/10/74,2 vol%) with 50
ml/min from -4°C to +6°C around the desired reattemperature.

» Background image taken as a reference image.

» Start propane oxidation with feed flow of 50 ml/n§id;Hg/CO,/O,/N, = 4/15,8/10/70,2)
for 1h.

* Flushing of the reactor using calibration gas fom@nutes.

o Start CO oxidation with feed flow of 50 ml/min (QQD,/O./N, = 5,45/15,8/10/68,75
vol%) for 1h.

* Purging the reactor and cooling down to room terapee.
It should be noted that propane and CO feed coratéort was 2 and 10,9 vol% in the first

generation testing of libraries. All processes udahg, gas dosing, temperature control and IR

camera control were automated by using the IR-ribespftware [140].

78



Chapter 3 Experimental

3.3 Conventional catalyst synthesis

Conventional catalyst syntheses were carried outgcaling of potential hits from the ecIRT
screening from 8 Mmoles to 300 Mmoles. An examgdléCe;Caoys based on Ethylene glycol
method is as follows. About 6,81 ml of 0,587M Ce@¥®H,O and 12,95 ml of 0,587M
CoNGs.6H,O were prepared by using ethylene glycol/water uomed (66/34, v/v). Both
precursors were mixed together and stirred alorth thie drop wise addition of 2,23 ml of
65wWt% HNG to complete the catalyst synthesis. Further pegpaatalyst sols were stirred for

1h at 500 rpm using a Heidolph Stirmax followedclyjcination step shown below.

25°C O ¥ = 80°C (12h) 0 ¥ = 105°C (60h)0 ¥Ff - 400°C (5h) O FF it - 25°C.

Similarly CeoTisoCrso catalyst based on propionic acid route is synseesias follows. About
2,72 ml of 0,587M Ce(Ng);.6H,O and 4,09 ml of 0,587M Cr(Né3.9H,O is prepared
separately by using methanol as solvent and weledhby stirring for few minutes. Then Ti
precursor (Ti(OCH(CH)2)4 of 0,587M has to be prepared. For this initiallyoat 1,149 of
titanium-iso-propoxide is mixed in a beaker contagn0,07g of 65wt% HN@ covered with
parafilm and stirred about 15 minutes. Further &8bf methanol is added into the mixture and
stirred for again 15 minutes with a covered pamafibver the beaker. Then 2,97 ml of
complexing agent (4-hydroxy,4-methyl,2-pentanorre)@aced in a fresh empty beaker (50 ml)
and stirred well. During stirring the prepared CTeand Cr precursor solutions are added slowly
in sequence respectively. Then 12 pl of propiomicl as added, covered with parafilm and
stirred for 1h. The stirred sols were dried fordysl at 40°C, which is enough time to gel. Then
the obtained gel is heated from room temperaturé0@’C at a heating rate of 20°C/h under
static air conditions and then calcined for 5Sh@°L. Finally the calcined catalyst is cooled at a
cooling rate of 120°C/h to room temperature. Thaled catalyst is ground to a fine powder. The
cooled catalyst by both conventional methods isesoed for the particle size range of 100-200

pKm is obtained by sieving.
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3.4 Preparation of pure Ti catalyst

3.4.1 TiO, recipe 2

This method follows the dissertation of Lettmanmdg]lL for preparing a Tbo catalyst. This
method is employed to see whether there is a gbigsiif improving specific surfaces of the

catalyst. The recipe is as follows.

X Ti(O-nBu)4 : 0,23 (x) HCI : 0,84 (x) HO : 1,54 ml n-Butanol
Recipe can be rewritten as
32,5 MmolesTi(O-nBu), : 0,7368 g (37% HCI) : 0,027 g kD : 50,05 ml n-butanol

Initially 11g of Ti precursors were dissolved in,889 ml of n-butanol in a 100ml polypropylene
beaker and stirred for about 30 minutes. Simil@§368g of 37% HCI was mixed with 0,027¢g
of H,O and well stirred. Then HCIJ® mixture was added to the Ti precursor solutione T
resulting sol containing beaker was covered wiglai@film and stirred until the formation of gel
and the duration of gel formation is indefinite.efhparafilm is removed and the gel is allowed
for drying at room temperature in the exhaust uhel gel shrinks. After drying, the catalyst was
calcined from room temperature to 65°C at a heatmtg of 0,5°C/min and kept at this
temperature for 3h. Then it was heated to 250°@5C/min and kept at 250°C for 3h. Finally,

the catalyst was cooled to room temperature abhngprate of 2°C/min.

3.4.2 TiO, recipe 3

This is another method employed to improve the ifipesurface area of a {go catalyst. The
catalyst synthesis procedure follows as reciperdestin dissertation of Klein [145].

X Ti(OPr) 4 : 3(X)CeH 1202 : 65(x)'PrOH : (X)H 20 : 0,06(x)HCI
Recipe can be rewritten by taking basis as 10 Mmolfeatalyst
10 Mmoles Ti(OPr),: 30 Mmoles GH120; : 650 Mmoles HO : 0,6 Mmoles HCI

Initially 3,72 ml of 4-hydroxy, 4-methyl, 2-pentam® is added in the 100 ml beaker. About

2,842¢g of titanium iso-propoxide is added into tteaker. Then the beaker is covered with
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parafilm and stirred for about 15 minutes. Thennd0of iso-propanol is added into the beaker
containing mixture and stirred again for 30 minut&multaneously, in another beaker
remaining 19,7 ml iso-propanol, 0,179 ml ofGHand 0,05 ml of HCI (12N) is added and stirred
shortly to get mixed and added into 100 ml beakettaining mixture. The catalyst solution is
stirred continuously at room temperature inside tbed until the formation of gel. The gel

formed is further aged and dried inside the hoaoam temperature without parafilm.

When the gel is dried completely, then the geleatbd to 65°C from room temperature at a
heating rate of 30°C/h and kept at this temperatoresh. Then with the same heating rate,
catalyst is heated again to 250°C and kept forFhally, catalyst temperature is cooled down to
room temperature at a cooling rate of 120°C/h.

Catalysts prepared conventionally by all methodsigd to fine powders and screened. About
100 — 200 micrometres particles are used for camnweal testing.

3.5 Conventional testing of catalysts

Potential hits of all libraries were tested convamally for the reliable verification of the

performance of the catalyst. The conventional erpental set up is shown below in figure 3-2.

Reaction gas MFC

Heating mantle

Synthetic air/N, MFC

f & / NI ‘ = Reactor placed inside the
KKKKKKK L = = heating mantle with
By thermoelement

Temperature controller

C;Hg, CO and CO,
Sensors

MFC regulator

Figure 3-2: Conventional experimental setup.
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The reaction gas consists of mixture gHg, CO, CQ and N with 4, 21,8, 31,6 and resthh
vol%, but without Q. The reaction gas is premixed and combined withttstic air before
entering the reactor unit. The ratio of reactios ¢@a synthetic air was 1:1 to obtain desired
reactor feed concentrations sf{z/CO/CQG/O,/N, = 2/10,9/15,8/10/61,3 vol%) and the flow is
controlled by mass flow controllers [Fa. Bronkhgrsthe reaction gas mixture has two
possibilities of flow direction. One way is, it cdlow through a bypass and another way is
through the reactor. The reactor is made of glalsse bf 50 cm long and inner diameter of 0,5
cm. Inside the reactor approximately at the cenfrés are placed to hold the catalyst.
Thermocouple is inserted into the catalyst bed wmdperature is controlled with a help of
temperature controller unit. Reactor and bypasts exere entering the steam trap to remove
water molecules by using ice. After condensati@s, gnters the gas analysis sensors [Fa. GFG].
CsHg, CO and C@sensors are used for analysis. Sensors capabditee for GHg from O to 5
vol%, CO from 0 to 15% and GGrom 0 to 25 vol%. Conventional experiments ardqened

based on the following sequence.

* About 20 mg of catalyst (100-200 pm) and 100 mg-afumina (100-200 um) were
mixed together and filled in the glass reactor.

» Synthetic air (50 ml/min) was passed through thpakg to allow calibration of the
infrared sensors for4€ls, CO and CQ

* Then synthetic air with the same flow rate was @dsthrough the reactor and the
temperature is gradually increased to 350°C andcHtalyst was pre-treated at this
temperature for about 1h.

* Reactor was cooled down to 150°C under a continflousof synthetic air.

» Then reactor feed gas composition (25 ml/min ottiea gas and 25 ml/min synthetic
air) was controlled again through the bypass.

* Now feed gas flow switched to reactor unit and roeawments were carried out at
temperatures of 150, 170, 200, 230, 250, 270, 380,and 350°C.

» At each temperature, duration of 20 minutes wad for stability of the reaction.

» Concentrations from mini computer and correspondiimge were noted for each
temperature at start and end of the reaction, wischurther used in analysis for
conversion and selectivity of the reaction in tkeet file.

» After measurements, reaction gas is passed once #gaugh bypass to confirm
concentrations of feed flow and compared with bggaefore the reaction.

* Then reactor is cooled and purged with N
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3.6 Catalyst characterisation

3.6.1 X-ray diffraction

Powder X-ray diffraction studies were performedayiuber G670 Guinier camera using Cu
Kol radiation § = 1,54056 A°). Lattice parameter refinement wasedby full pattern Rietveld
refinement with the program TOPAS [151] using thedamental parameter approach [152]. For
the analysis of structure catalysts in powder forare coated in the selotape slat of the sample

holder and measurements were carried out with ¢l df K. Stéwe.

3.6.2 Specific surface area measurements

The surface areas of the catalysts were measur@itrbgen physisorption (Sorptomatic 1990,
Carlo Erba). The adsorption desorption measurenvests obtained at liquid Nlemperature of
-196°C. Prior to the measurement, the catalyste Wweated to 200°C under high vacuum in the
N, atmosphere, kept for about 2h and cooled. Spesifitace areas were measured by BET
method and pore distributions using BJH method. sAiface areas measurements were carried
out with the help of C. Thome.
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4 Summary and conclusions

The main objective of our research is to find nesbla metal free catalysts for selective
combustion of propane in the presence of CO. Dustringent emission standards and adverse
health effects such as respiratory illness and bdgur, hydrocarbon combustion has paid major
attention. High throughput workflow strategies ao®mpted in finding out new catalysts, since it
is more facile and accelerate the catalyst seammteps. The work flows in the development of
new catalyst libraries based on variation and selecCatalyst materials were synthesised using
highly composition tolerant sol-gel recipes withethelp of experimental design software

Plattenbau and associated pipetting robots.

Catalytic performance of high throughput librarie®re tested using emissivity corrected
infrared thermography (ec-IRT) which allows paraltesting of catalysts. Initially first
generation libraries were tested in the real exhgas atmosphere of bothtdy and CO in the
feed. Visualising the relative heats of reactiomgsec-IRT, it was difficult to identify which
catalysts are selective forsldg or CO oxidation reaction. Therefore ec-IRT expetins were
carried out under g and CO atmospheres separately. Over 2000 cataiysts tested in a
high throughput fashion.

Among generation 1, BCos0, CeC0ys, F&oCos0, ClhgCO7oNi1p and CeyCosoFep were found as
best hits from high throughput screening and testaventionally in the real exhaust gas
atmospheres (boths8g and CO in the feed). Those catalysts show higpame conversion and
unselective. Hence catalyst development is neddfdulfil our requirements. Among second
generation, Cg3liz3Lr333 was found to be the only active and selective lgsitdor GHg
oxidation and verified conventionally. In generati@ which are based on the composition
spreads and doping of CeTiCr elements, theol®Crsy as highly active catalyst and
CeioTigoCrip as a highly selective catalyst found. Furtherrogation of catalysts in generation 4
found that CgTisgCrgD3 (D = Sc, Si, Gd and Tm) were found best catalysth very high

activity and selectivity towardsz8s combustion.

Then the effect of feed gas compositionsHEZCO/CQ/O,/N, = 2/10,9/15,8/10/61,3 vol%) over
CegTisoCrSc catalyst (one of the best catalyst resulted oubofth generation) is tested. In
this study six different experiments based on sifei@nt feed conditions such as absence of

CO,, absence of CO, absence afHg, 5 vol%, 10 vol% @ (reference concentration) and 15
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vol% O, were conducted. It influences the following. hetabsence of CQn the feed, the
overall GHg conversion is not affected at high temperaturesalobut 350°C, but at low
temperatures say 300°CzHg conversion is approximately 14% higher in the pneg of CQ.
Absence of CO in the feed shows thgHgconversion is slightly increased of 2% and 0, P40l
of CO is produced. This CO formation could be dughe partial oxidation of §£g or reduction
of CgHg with CG; is still unknown. Then in the absence ofHg in the feed shows that CO
conversion is increased approximately 6% at 350&refore presence of;8s in the feed,
blocks the active sites for CO angHg is preferentially oxidised. The effect of Concentration
in the feed was tested by two different €éncentrations of 5 and 15 vol% and compared with
reference concentration of 10 vol%. It was fourdt leducing the half amount of, @om 10 to
5 vol%, reduces the #Hg conversion also into half. With increase in &ntent to 15 vol%
achieves very high 4Elg conversion of 97% at the expense of selectivity enfierred that the

C3Hs conversion as the function ob ©@oncentration in the feed.

In other study to gain insight into the nature afatytic contributions of three metal ions in
CexlisCrsg catalyst, the individual oxides €g Tiioo and Cigo and binary oxides of all
combinations based on ternary material prepare@eagsTiz 4 CeoCrso and T, Crsz 5 were
investigated. It was found that (g is slightly active and unselective. 1Jd is completely
inactive for both oxidations and followed by;ggrwhich is slightly active for propane oxidation
at high temperatures of 350°C and shows the owfihydrocarbon selectivity. On the other
hand specific surface areas ofghiand Cigo are comparatively lesser than,gecatalyst. Hence
reduction of calcination temperatures of the catatynd new synthesis methods were performed
to get comparable surface areas with respect igy Catalyst. As a result of those new adoptions,
it was found that Ggo is highly active and unselective fogKg oxidation and Ty achieves
11% of CO conversion and completely inactive fgHE oxidation. Interestingly in binary
oxides Tk sCr37 5 was found as the best performing active and caelylselective catalyst for

propane combustion. G€re IS active but less selective anth&di71.41s completely inactive.

The work flow is continued for fine tuning of Ce@nd TiCr catalysts and some best hits of
fourth generation. Finally GeTisgodlr0Gd3Ago 01 as very active catalyst andgZiCrsz5 as

completely selective catalyst for selective hydrboa combustion.

Through the random design of experiments we reathedyoal of our project and improved

catalytic performance from former to latter genierag. Thus this shows the good reproducibility
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of high throughput technology in conventional tegtand it is capable to use as a versatile tool

for new catalyst development.
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Zusammenfassung und Ausblick

Das wichtigste Ziel unserer Forschung ist es, nEdelmetall-freie Katalysatoren fir die
selektive Verbrennung von Propan in Anwesenheit@@nzu finden. Bei der Suche nach neuen
Katalysatoren wurde eine Hochdurchsatz-Strategrehtaufen, da es problemlos mdglich ist
den Suchprozess nach Katalysatoren durch autosr&issynthese und eine grof3e Anzahl an
Proben schneller erfolgreich abzuschlieRen. Hodidbatz-Strategien werden bei der
Entwicklung von Katalysatoren-Bibliotheken eingese die auf Variation und Selektion
basieren. Katalysatoren-Materialien werden syngheti durch Benutzung von gegeniber der
Zusammensetzung toleranten Sol-Gel Rezepten undanHiilfe von der Software Plattenbau in
Verbindung mit Pipettier-Robotern.

Katalytische Aktivitat der Bibliotheken wurde untéerwendung der emmisivitatskorrigierten-
Infrarotthermographie (ec-IRT) getestet, welche dparallele Prifung verschiedener
Katalysatoren erlaubt. Anfangs wurde die erste @Geioms-Bibliotheken in der realen
Abgasatmosphére gepruft, d.h. in Anwesenheit veidg@ind CO Gas. Mittels Visualisierung
der relativen Warme der Reaktion mit ec-IRT fiel eshwer herauszufinden welche
Katalysatoren in der Bibliothek selektiv fur digHg oder CO Oxidations-Reaktion sind. Daher
wurden ec-IRT Experimente unteghz und CO-Atmospharen separat durchgefiihrt. Uber 2000

Katalysatoren wurden unter Verwendung der bescémielh Hochdurchsatz-Techniken getestet.

Unter der Generation 1, wurdenghlosg, CeCoys, F&qC0s0, CbgCO7oNi1o und CgoCosoFer als
beste Treffer von Hochdurchsatz-Screening Experiemegefunden und in der konventionellen
Anlage in einer realen Abgasatmospharen (beigtds @nd CO) gestestet. Diese Katalysatoren
zeigten einen hohen Propan Umsatz, aber eine #tbleSelektivitat. Daher ist eine
Katalysatorentwicklung nétig, um unsere Anfordermgu erfillen. In der zweiten Generation
stellte sich heraus, dass $&dis3r33 3 der Einzige aktive und selektive Katalysator fie d
CsHg Oxidation ist. Die Ergebnisse wurden im konvengiten Test bestatigt.. In der Generation
3, die aus der Variation und Dotierung der Elem&e&iCr beruht, zeigte sich ¢&isCrsp als
hochaktiver und GgTigCrip als hochselektiver Katalysator. Weitere Optimigrumon
Katalysatoren in der Generation 4 zeigten, dassIGeCr.gD3 (D = Sc, Si, Gd und Tm) die
besten Katalysatoren, mit sehr hoher Aktivitat Gedektivitat, fur die @Hg Verbrennung sind.
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Chapter 4 Summary and Conclusions

Der Einfluss der Zisammensetzung des Reaktiongag€Hg/CO/CQ/O/N, =
2/10,9/15,8/10/61,3 vol%) auf dem {GB4CroSg Katalysator (einer der besten Katalysator
der vierten Generation) wurde getestet. In diesadi& wurden sechs verschiedene Experimente
mit sechs verschiedenen Zusammensetzungen durtingefile die Abwesenheit von GO
Abwesenheit von CO, Abwesenheit vogHg, 5 vol% Q, 10 vol% Q (Referenz-Konzentration)
und 15 vol% Q. Folgendes stellte sich heraus: in Abwesenheit®@@g in der Zufuhr, ist der
CsHg Umsatz bei hohen Temperaturen von etwa 350°Cht fietroffen, aber bei niedrigen
Temperaturen, etwa 300 °C, ist ca. 14%,@RQwesend. Zudem, zeigte die Abwesenheit von CO
in der Zufuhr, dass dersHg Umsatz sich auf 2% erhéht und 0,7 Vol% CO wirdduziert.
Diese CO Bildung konnte durch die partielle Oxidatvon GHg oder Reduktion deszHg mit

CO, entstehen, was noch unklar ist. In Abwesenheit@sts in der Zufuhr zeigt sich, dass der
CO Umsatz sich um ca. 6% bei 350°C erhoht. Daralgg, fdass die Anwesenheit vonHg in

der Zufuhr das aktive Zentrum fur CO blockiert uwhd GHg Oxidation bevorzugt wird. Die
Wirkung der Q Konzentration in der Zufuhr wurde durch zwei veisdene G
Konzentrationen von jeweils 5 vol.% und 15 vol.¢éggtet und mit der Referenz Konzentration
von 10 vol% verglichen. Es stellte sich heraussahs Verringerung der £Konzentration von

10 vol% auf 5 vol%, den 48l Umsatz um die Halfte vermindert. Mit der Zunahmes d
Sauerstoffgehalts auf 15 vol% wird ein sehr hohemnshitz, 97%, von £Hg auf Kosten der
Selektivitat erreicht, welches diglds Umsatz als Funktion der Sauerstoff-Konzentratroder

Zufuhr zur Folge hat.

In anderen Studien, wurde das Wesen der katalgiisdBeitrage der drei Metall-lonen im
CeylisCrzg Katalysator, die Monoxide G, Tiigo und Cigy und bindren Oxide aller
Kombinationen auf terndren Material wie Jggi714 CeoCrso und T2 sCrs7 5 vorbereitet und
untersucht. Es wurde festgestellt, dasggleicht aktiv ist und unselektiv. T ist vollig untatig

fur beide Oxidationen, gefolgt von fg4 welches etwas flr Propanoxidation bei hohen
Temperaturen von 350°C aktiv ist, und zeigt denpunsg der Kohlenwasserstoff-Selektivitat.
Auf der anderen Seite sind spezifische Oberflackem Tigo und Ckgo im Vergleich zu Cegy
Katalysatoren sehr geringer. Daher wurden die Kamingstemperaturen gesenkt und neue
Synthesemethoden wurden aufgenommen, um vergleel@aerflachen zum Gg Katalysator

zu erhalten. Als Folge dieser neuen Optimierungemde festgestellt, dass {g¢ sehr aktiv, aber
wenig selektiv fur die gHg Oxidation ist. Tigo erreichte 11% des CO Umsatzes und ist nicht

aktiv fir die GHs Oxidation. Interessanterweise, stellte sich herdass fiur die bindren Oxide

88



Chapter 4 Summary and Conclusions

Tie2 Cr37 5 das beste Ergebnis fur die Propan Verbrennungrtiéi Hinsicht auf Aktivitat und

Selektivitat. CeyCregp ist aktiv, aber weniger selektiv. &@Ti71 4 zeigte keine Aktivitat.

Der Arbeitsfluss wurde fir die weitere Optimierunmgn CeCr und TiCr Katalysatoren
fortgesetzt und es gab einige gute Treffer. Schélellvurde CeyTisg odr20G0Ag0 01 als sehr
aktiver Katalysator und 3isCrs;s als vollig selektiver Katalysator fur die seleldiv

Kohlenwasserstoff Verbrennung ermittelt.

Durch den zufalligen Entwurf von Experimenten aién wir das Ziel unseres Projektes und
konnten somit die katalytische Leistung effektivnhvalen Anfangsgenerationen zu den
Endgenerationen verbessern. So wurde auf diese diat gute Reproduzierbarkeit der
Hochdurchsatz-Technologie in der herkdmmlichen drgfbewiesen. Diese Technologie ist

geeignet fir die schnelle und erfolgreiche Suclol meuen Katalysatoren.
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6 Appendix

6.1 Nomenclatures

ANN Artificial neural networks

BET Brunauer, Emmet and Teller method
BJH Barret, Joyner and Halenda method
°C Degree centigrade

D Dopant

DOE Design of experiment

ec-IRT Emissivity corrected infrared thermography
EG Ethylene glycol

EPA Environmental protection agency

g gram

GA Genetic algorithms

GC Gas chromatography

h Hour

HC Hydrocarbons

HPLC High pressure liquid chromatography
HT High throughput

IR Infrared

°K Degree kelvin

KB Complexing agent

LIFI Laser induced fluorescence imaging
MFC Mass flow controller

MEMS Micro electro mechanical systems

i Microliter

pm Micrometer

pmole Micromole

mg Milligram

min Minute

Mol% Mole percent

MS Mass spectrometry
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MSC Multi sampling concept

NOx Nitrogen oxides

PM Particulate matter

PTD Photothermal deflection

REMPI Resonance enhanced multiphoton ionisation
rpm Revolution per minute

S Seconds

SULEV Super low emission vehicles

TEOS Tetraethoxysilane

TMOS Tetramethoxysilane

C) Theta

Vol% Volume percent

W1t% Weight percent

XRD X-ray diffractometry

ZEV Zero emission vehicles
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6.2 List of chemicals used

Chemical Supplier Chemical Supplier
AgNO; ABCR Mo[OCH(CH)]s Alfa Aesar
Al(NO3)3. 9 HO Alfa Aesar NaN@ Merck
AuCl; Degussa NbGl Alfa Aesar
BaCb Unknown Nd(NQ)s . 6 HO Aldrich
Bi[OOCCH(GHs)C4Hg]s Stem Ni(NQ). . 6 HO Merck
Ca(NG)2 . 4 HO Merck Pd(CHCOO), Unknown
Cd(NG;)2 . 4 HO Fluka PtBg Alfa Aesar
Ce(NGy)s3 . 6 O Fluka Rb[CHCOCHCOCH] Aldrich
CeG Aldrich ReCk Aldrich
Co(NGs), . 6 HO Merck RhC} . 3 HO Aldrich
Cr(NGs3), . 6 HO Riedel Rud. x H,O Aldrich
Cr0Os ABCR SbC} J. T. Baker
CsCl Unknown Sc(Ng)s . 5 HO Alfa Aesar
Cu(NGs)2 . 3 HO Fluka Se Saure Aldrich
Dy(NO3); . 5 HO Aldrich Si(OGHp5)4 Acros Organics
Er(NGs)s . 5 HO Aldrich SM(NQ)s . 6 HO Aldrich
Eu(NGs)3 . 6 HO Strem SnGl. 2 HO Aldrich
Fe(NG)s . 9 HO Riedel SrGl. 6 HO Merck
Ga(NGy)s . x HO Aldrich Ta(OGHs)s ABCR
Gd(NG)3 . 6 O Aldrich Tb(NG;); . x H,O Alfa Aesar
Ge[OCH(CH)2]4 Aldrich TeCl, Aldrich
HfCl, Aldrich Ti[OCH(CHs)2]4 ABCR
Ho(NGs); . 5 HO Strem TiQ Aldrich
IN(NO3)3 . 5 O Chempur Ti(O-nBu) Alfa Aesar
IrCls . H,O Johnson Matthey Tm(NQR . 6 O ABCR
KNO3 ABCR VO[OCH(CH;)2]3 ABCR
La(NGs)3 . 6 HO Fluka WCH Fluka
LINO3 Fluka Y(NG)3 . 6 HO Aldrich
Lu(NOg)s . x H,O Aldrich Yb(NGs)3 . X H,O ABCR
Mg(NOs)2 . 4 HO Merck Zn(NQ)2 . 6 HO Avocado
Mn(NQOs), . 4H,0 Merck ZrO(NQ), . x H,O Alfa Aesar
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Chemical Supplier Chemical Supplier
4-Hydroxy-4-methyl-2- ABCR Iso-propanol Unknown
pentanone

Ethylene glycol Alfa Aesar n-Butanol Stem

HCI (37%) Merck Propionic acid Merck

HNO;3; (65%) Degussa

Table 6-1 List of chemicals used
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6.3 Equipment and software used

Description

Classification

Manufacturer

Pipetting robot

Orbital shaker

Muffle furnace

Muffle furnace

Muffle furnace
Physisorption equipment
X-ray measurement

Infrared camera

Infrared reactor

Magnetic valve

Magnetic valve controller unit

Mass flow controller

Mass flow controller unit

Lissy
Titramax 100
Controller S27

Zinsser Analytic
Heidolph Instrument
Nabertherm

Carbolite
Carbolite

Carlo Erba Sorptomatic 199Bision Instruments

G670
PtSi 640 x 480,
PtSi 256 x 256

Mass-Flo

Huber Guinier
Thermosensorik

Uni des Saarlandes

Herion

Uni des Saarlandes

MKS Instruments, Bkborst
Hi-Tec

MKS Instuments, Bronkkbr

Hi-Tec
Temperature controller dTron 16.1, dicon-401 Jumo
Gas measurement computer GMA 300 GfG
CO, gas transmitter IR 24 GfG
CO gas transmitter IR 24 GfG
CsHg gas transmitter IR 24 GfG
Multimeter VC 140 Voltcraft
Robot software Zinsser REDI Zinsser Analytic
Software Plattenbau J. Scheidtmann
IR camera software IR Testrig J. Scheidtmann
Gas measurement computéeMAPC Interface v 3.50 GfG
software
Table 6-2 List of equipment and software used
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Chapter 6

6.4 Library filling plan

The figure 6-1 shows the library filling plan of &braries. x and y corresponds to the respective

position of the catalyst (molar ratios of differenétal components).
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X Y Catalyst X Y Catalyst X Y Catalyst

1 6 \A&3,3CQ33,3Ti33,3 5 14 Blank 9 4 Blank

1 7 Blank 5 15 WLCes3Vaszz 9 5 Mr3Sneaalisags
1 8 Hfs LCes3 Mnas 3 6 2 CeoHfso 9 6 W3 Hfzz3lizss
1 9 Cusz Fe3 L6333 6 3 Zr3MnzzSmesz 9 7 Ni3Les33Vas3
1 10 Wi NizzaVass 6 4  TioHfso 9 8 NigHfso

1 11 CeoSmyo 6 5 Cg3xlrssSmss 9 9 Blank

1 12 Fe3Le335Mmss3;3 6 6  WhdNissLr;sz 9 10 Blank

2 5 TisoCrso 6 7 HfsNissalizzz 9 11 HbaNizzsSmess
2 6 Nigz Cr333V333 6 8 CeLes3Mnszz 9 12 Cp3Le33SMs33
2 7 MnsoHfso 6 9 WiLlrzLe33 9 13 HbzNizzLes3
2 8 Zi333SMe3 3li333 6 10 HbLrzaVasz 9 14 Wiz HfzzSmeas
2 9 Hfs3 Nisz aZr3z3 6 11 Ces3Mnzsslizas 9 15 Hbz3V333Smss;3
2 10 Crgg,dVIn33,3Sm;3,3 6 12 Smon50 9 16 C@th]_

2 11 Blank 6 13 Q§,3V33,3l\/ln33,3 10 1 Hf33,£r33,£333,3
2 12 V\églﬁf33,3V33,3 6 14 Blank 10 2 Qéygceg,glg-riggyg
3 4 Wa3 37133 MN33 3 6 15 HbsaZrasMnass 10 3 HbzNizzaVazs
3 5 Nizz, Ce33,35M833 7 2 Blank 10 4 NB3V33Sness
3 6 Blank 7 3  WsHfzzaZrszz 10 5 HbzalrssLCess3
3 7 Hf3.4Cr333Ti333 7 4  ZrzLesMnzzz 10 6 Wlrsg

3 8 Blank 7 5 NizgZrasLe;sz 10 7  HbsLe3aVas3
3 9 W3 MnzssSmess 7 6 NiesaZrssdMnszz 10 8  Blank

3 10 Blank 7 7 CQoC%o 10 9 ZEon5o

3 11  Hks3lra3Sikss 7 8 Hi3Lrs3sSmesz 10 10  NiNag

3 12  Zg33aVazMnass 7 9  TkMnso 10 11 Wiz Nissslizss
3 13 CrsoW5sg 7 10 Blank 10 12 GgMnsg

3 14 NisCess 7 11 WeHfasNizzz 10 13 \eHfsg

4 3 CrseSmyo 7 12 Nb3Lrz3Smezz 10 14 Ni3LCr3 a3z
4 4 Ni95FQ', 7 13 C@313V33,3Ti33,3 10 15 M@0V5o

4 5 Hfs3 Nisz LCra33 7 14 NboZrso 10 16 Nk33Zrazalizas
4 6 Wa3 Nizz Mnza 3 7 15 Wi LrszMnzzz 11 2 Ceolrso

4 7 Z133,3V33,35Ms3,3 7 16 Wi sSmesgalissz 11 3 HbzdMnzz sSmess
4 8 V50Smso 8 1 Cegsalraalizzs 11 4 Cegs33V333SNMk33
4 9 VV50V50 8 2 N.b3,3CQ>,3dV|n33,3 11 5 Blank

4 10 Blank 8 3 C;stsrngg,g-rigag 11 6 MrgoZr5o

4 11  Ws33V333Smes33 8 4 ZkoVso 11 7 Ce3 VN33 sSes 3
4 12 Hf33ygsmg313Ti3313 8 5 V\é33|\/| n33,3Ti33,3 11 8 Blank

4 13  Ni33Vasalias3 8 6 Ceoliso 11 9 W3V dMnass
4 14  TkeSmyo 8 7 Wh3alrazslizzz 11 10 CeszaVazMnass
5 3 Ni70C€30 8 8 Blank 11 11 H;&,3V33,3Ti33,3
5 4 Ch3,3V33,35Ms3 3 8 9 Blank 11 12 GgLe33V333
5 5 \/\/33,£I’33,3Ti33,3 8 10 Ceilrsg 11 13 Blank

5 6 CeoNisg 8 11 Blank 11 14 Blank

5 7 Hfz3,3V 33 MnN33 3 8 12 WHfs5 11 15 Wiz 3Vassliszs

5 8 NisoCrso 8 13 Ni3Lrs3xlrsss 11 16 Zg3Mnzzslisss
5 9 Blank 8 14 Blank 12 2 Wgcr3313V33,3
5 10  Ng33Smssalissa 8 15 Vi3 Mnazslizzs 12 3 Wi NizzLesss
5 11 M n:,oC 50 8 16 N i50V50 12 4 N IsoS Mo

5 12 Blank 9 2 C§0V50 12 5 V\é3,32r33,3Ce33,3
5 13 CeoWso 9 3 Blank 12 6 Q@ygsmg&gTigg,g
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X Y Catalyst X Y Catalyst X Y Catalyst

12 7 Ti502r50 13 14 C§3,3Zr33,3Ce33,3 15 10 CyoCesp

12 8 Zr333V333l333 13 15 NipCex 15 11 H&3razaliss;s
12 9 MnsoWso 14 3 HbsNissMnazz 15 12 CgzaVzzalizags
12 10 W33,§\li33,£r33,3 14 4 Tig,oV5o 15 13 C§0V5o

12 11 TisoWso 14 5 Hb3lrazaVazs 15 14 W LCra3Snkas
12 12 Zr3LLe33Snmeas 14 6 WeHfzzMnzss 16 5 HbsMnssalisss
12 13 W33,3ZI'33,3V33,3 14 7 Blank 16 6 C@0Cr50

12 14  Hi3Lrs3Mnzzz 14 8  Ni3aVazMnzss 16 7 WsSmy

12 15 W33,3Hf33,3Cr33,3 14 9 Blank 16 8 \Aégceg,&d\/lngg,g
13 3 Blank 14 10 ZgpSmyg 16 9 MnyoSmyg

13 4 Ni33,d\/|n33,3Ti33,3 14 11 Blank 16 10 §éj\/|ﬂ3338fﬂg3,3
13 5 Zr3 Les33lizzz 14 12 W alrazsSmess 16 11 Wi Hfz Cesss
13 6 Hfs3 Ces33liszs 14 13 NisLCesslizzss 16 12 HEsLCrizalrass
13 7 Cr3¥rzaVass 14 14  CrHfso 17 6 WsCe335Ms33
13 8 V333SMe3alizzs 15 4 Nb3alrazSmess 17 7 Wiz LCrzzalrazs
13 9 Blank 15 5 C§3,§\/In33,3Ti33,3 17 8 Ni33,30r33,§\/ln33,3
13 10 C@3,32r33,dVIn33,3 15 6 Blank 17 9 a&,£%3,3V33,3
13 11 Ni33,3CI'3313Ti3313 15 7 Ni33,§\/ln33,38rr133,3 17 10 Blank

13 12 NisZfsdVass 15 8  NigWso 17 11  TigNiso

13 13 Ni5o|\/|n5o 15 9 AIgthl 17 12 H§3,£%3,§%3,3
Table 6-3 Library 01 filling plan
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X Y Catalyst X Y Catalyst X Y Catalyst
1 6 CeCoos 5 14 CedFep 9 4 CusFes
1 7 CeaCoyg 5 15 CesFess 9 5 CuoFes
1 8 CasCogs 6 2 Cedexp 9 6 CuysFes
1 9 CeCogo 6 3 CesFes 9 7 CuoFep
1 10 CesCors 6 4 CeoFexn 9 8 CusFes5
1 11 CegoCoro 6 5 Cesfes 9 9 Blank

1 12 CasCos5 6 6 CaeoFern 9 10 CugFes
2 5 CeaCoqo 6 7 CesFss 9 11 CusFess
2 6 CasCoss 6 8 C@Nigs 9 12 CuoFeso
2 7 CeCoyo 6 9 CQoNigo 9 13 CuysFes
2 8 CesCoys 6 10 CQ5Ni85 9 14 CuyoFero
2 9 CeoCoso 6 11 CQoNigo 9 15 CuysFess
2 10 CesCoss 6 12 CQ5Ni75 9 16 CuygFey
2 11 CQQCQ:,O 6 13 C@oNim 10 1 CU5F€25
2 12 CesCoys 6 14 CQ5Ni55 10 2 CuoFen
3 4 CeCox 6 15 CQoNieo 10 3 CuysFers
3 5 CesCos 7 2 CQ5Ni55 10 4 CyoFern
3 6 CeoCoipg 7 3 C%oNiso 10 5 CysFe
3 7 CesCos 7 4 CesNigs 10 6 FeCoys
3 8 CeCugs 7 5 C%oNi4o 10 7 FesCogg
3 9 CaoCugg 7 6 C%5Ni35 10 8 FesCogs
3 10 CesCusgs 7 7 CQoNigo 10 9 FeqCogo
3 11 CeoCugo 7 8 CQ5Ni25 10 10 FesCors
3 12 CesCuys 7 9 C@oNizo 10 11 FeComp
3 13 CeCuyo 7 10 CesNiss 10 12 FeCoss
3 14 C@5CU(55 7 11 C@oNI 10 10 13 FQQCOGQ
4 3 CeaCusp 7 12 CesNis 10 14 FeCoss
4 4 CesCuss 7 13 CuCoss 10 15 FeCos
4 5 CeoCusg 7 14 CuygCoyg 10 16 FesCoys
4 6 CesCuss 7 15 CuysCogs 11 2 FeoCoyg
4 7 CeoCug 7 16 CugCogg 11 3 FesCoss
4 8 CesCuss 8 1 CusCors 11 4 FeCogp
4 9 CeCugg 8 2 CuyCorg 11 5 FesCoys
4 10 CesCups 8 3 CusCoss 11 6 FeCoo
4 11 CeCuo 8 4 CuCogo 11 7 FesCois
4 12 CesCuys 8 5 CusCoss 11 8 FgoCoig
4 13 CaoCuo 8 6 CuCosg 11 9 FasCos
4 14 CesCus 8 7 CusCoys 11 10 N$COQ5
5 3 CeFeys 8 8 CuoCogo 11 11 NigCog
5 4 CaoFep 8 9 CuysCoss 11 12 Ni5C085
5 5 CeasFess 8 10 CuygCogg 11 13 N.toCOgo
5 6 CegFeso 8 11 CusCos 11 14 N£5C075
5 7 CesfFers 8 12 CuygCog 11 15 N.goCOm
5 8 CeoFerng 8 13 CusCos 11 16 Nj35C055
5 9 CesfFess 8 14 CuygCoyg 12 2 NhoCOeo
5 10 CaoFeso 8 15 CuysCos 12 3 NisCoss
5 11 CasFess 8 16 Blank 12 4 NuCoso
5 12 CegF6so 9 2 CuFes 12 5 NIB5CO45
5 13 CesFess 9 3 CuoFe 12 6 NiaoCO40

104



Chapter 6 Appendix
X Y Catalyst X Y Catalyst X Y Catalyst
12 7 Ni65C03,5 13 14 Ni’()CLbo 15 10 N’.ysFezs
12 8 Ni7oCO3,o 13 15 Ni75CU25 15 11 Blank
12 9 Ni75C025 14 3 NigoCUzo 15 12 Ni;oFezo
12 10 NigoCOzo 14 4 Ni35CU15 15 13 N{.35Fe_]_5
12 11 Nig5CO;|_5 14 5 NboCU]_o 15 14 Ni)oFe_Lo
12 12 NigoC010 14 6 NbsCus 16 5 NbsFe&;
12 13 NigsC0s 14 7 NiFeys 16 6 Ceoo
12 14 Ni5CUg5 14 8 Ni_]_oFGgo 16 7 Clioo
12 15 Ni]_oCUgo 14 9 N'[|_5F%5 16 8 Feoo
13 3 Ni15CUg5 14 10 N-toF%o 16 9 Nh_oo
13 4 NizoCUgo 14 11 N't5|:e75 16 10 Caoo
13 5 Ni25CU75 14 12 Ni;oFem 16 11 Blank
13 6 NizoClyo 14 13 NisFess 16 12 Blank
13 7 Ni35CUs5 14 14 Nl-loF%o 17 6 Blank
13 8 NizoCUso 15 4 NisFess 17 7 Blank
13 9 Ni45CU55 15 5 NisoFQ‘,o 17 8 Blank
13 10 NisoCUso 15 6 NisFess 17 9 Blank
13 11 Niz5Clis 15 7 NioFeso 17 10 Blank
13 12 NigoC o 15 8 NisFess 17 11 Blank
13 13 Ni65CL135 15 9 Ni]oFng 17 12 Blank
Table 6-4 Library 02 filling plan
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X Y Catalyst X Y Catalyst X Y Catalyst

1 6 CaeCuigFeso 5 14 CeilCwCoyg 9 4 CagCoygN i 20
1 7 CaoCuxFern 5 15 CeCuscCos 9 5 CaCosoNiip
1 8 CaoCusoFeso 6 2 CelCuCoxo 9 6 CeCoNia
1 9 CaoCuwaFeso 6 3 CelCuCop 9 7 CeCoxNiszo
1 10 CeoCusoFeso 6 4 CelCuweCoso 9 8 CeCosNix
1 11 CedCusoFesg 6 5 CeCuwCosg 9 9 Blank

1 12 CeCuwoFen 6 6 CaCuCug 9 10 CeCoyN i 10
2 5 CeaoCusoFero 6 7 CeglCuweCos 9 11 CeCooNizo
2 6 CeoCuoFern 6 8 CelCuCoxo 9 12 CeCoxNixo
2 7 CeoClxoFeso 6 9 CelCuCop 9 13 CeCosoNiip
2 8 CeCusgF6s0 6 10 CeCuCoxo 9 14 CeyCogN i 20
2 9 CeCuoFeso 6 11 CegdlCwiCapo 9 15 CeCoxNiig
2 10 CeCusoFeyg 6 12 CeCusoCozg 9 16 CgoCoioN i 10
2 11  CeCusoFex 6 13 CegCuweCoxo 10 1 CeCoFeso
2 12 CeoCuyoFern 6 14 CeCusCog 10 2  CeCoxFern
3 4 CeCudFesn 6 15 CelCuCoug 10 3 CeCozFes0
3 5 CeoCuxFes 7 2 CeclCuwoCoz 10 4  CelCosF6sn
3 6 CeCuzoFeso 7 3 CelCueCoxo 10 5  CeCosoFey
3 7 CeoCugFes 7 4  CeclCweCog 10 6  CeCosoFesn
3 8 CeCusoFex 7 5 CelCueCoz 10 7  CeCornFexn
3 9 CeoCusoFero 7 6  CelCuCoxp 10 8  CeCogoFern
3 10 CaCugFesn 7 7 CedcCuCorg 10 9  CeCoFern
3 11 CaeCupoFeyg 7 8 CeCuoCoyg 10 10 CeCoxFes
3 12 CaCusgFesg 7 9 CeCwCoyg 10 11 CeCosoF6sg
3 13 CeCwaoFen 7 10 CeilCuCoig 10 12 CeCosoFeyo
3 14 CQQCU:,oFe_]_o 7 11 CQQCO]_()N i 80 10 13 C@oCO:,oFeg,o
4 3 CeCuigFeno 7 12 CegeCoxN i 70 10 14 CeCosoFen
4 4 CeCwoFesn 7 13 CegCozN i 60 10 15 CeCorfFern
4 5 CeCwoFen 7 14 C60C040Ni50 10 16 CeCooFes
4 6 CeCuwgFeg 7 15 CeoCos0Nigg 11 2 CeCoxFes0
4 7 CeCuFesn 7 16 CegCosoN i 30 11 3 CeCozFeng
4 8 CeCuwpoFen 8 1 CeoCoroNixg 11 4 CeCoyoFes0
4 9 CeoCusoFero 8 2 CedCogoNiio 11 5  CelCosoFexn
4 10 CeCuFen 8 3 CeCooNizg 11 6 CeCosoFerg
4 11 CeCuwoFeg 8 4 CegCoxN i 60 11 7 CeaeCooFesn
4 12 CeCuFe 8 5 CeCoz0Nisg 11 8 CeCoxoF&yo
4 13 Blank 8 6 C@CO40Ni40 11 9 CeaeCozFes0
4 14 Blank 8 7 CgCosoNiszp 11 10 CeCosFen
5 3 CeCuoCogo 8 8 CegCosgN i 20 11 11 CeCos0Fern
5 4 CeCwCorg 8 9 CegCorgN i 10 11 12 CeCoioFeyo
5 5 CaCuzCos9 8 10 CegCogN i 60 11 13 CeCoxFesg
5 6 CaeCwCosg 8 11 CegCoxN i 50 11 14 CeCoFeyn
5 7 CaeCusoCosg 8 12 C@oCOg,oNizm 11 15 CeCoyfFep
5 8 CaoCusCozg 8 13 CegeCosoN i 30 11 16 CeCoioFexn
5 9 CaCuroCoyo 8 14 CegoCosoNixo 12 2 CedlCoxFen
5 10 CeoCugoCoyg 8 15 CegCos0N i 10 12 3 CegCozgFerp
5 11 CegCugCorg 8 16 CegCooN i 50 12 4 CeCooFen
5 12 CeoCuroCoso 9 2 CaCoxNia 12 5 CeCoxFepn
5 13 CelCuCos 9 3 CacCosNizp 12 6  CgdCooFern
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X Y Catalyst X Y Catalyst X Y Catalyst
12 7 CeaoCuoNigg 13 14 Blank 15 10 Blank
12 8 CagCuxNizg 13 15 Blank 15 11 Blank
12 9 CQ_0CU30Ni50 14 3 Cro%oNi]_o 15 12 Blank
12 10 quCu40Ni50 14 4 CQ()CU]_QNiso 15 13 Blank
12 11 CQ_0CU50Ni40 14 5 C80CU20Ni40 15 14 Blank
12 12 CQ_()CerNigo 14 6 CQ()CUgoNigo 16 5 Blank
12 13 CQ_0CU70Ni20 14 7 C80CU40Ni20 16 6 Blank
12 14 CQ_()CUgoNi]_o 14 8 CQ()CUsoNi]_o 16 7 Blank
12 15 CrouloNim 14 9 C@oCU]_oNi40 16 8 Blank
13 3 CQoCU20Ni60 14 10 C@oCUzoNigo 16 9 Blank
13 4 CeoCusoNisg 14 11 CeyCugoNizo 16 10 Blank
13 5 CroU40Ni4o 14 12 C@oCU40Ni10 16 11 Blank
13 6 CQOCU50Ni30 14 13 C@oCU]_oNi30 16 12 Blank
13 7 CQ()CerNizo 14 14 C@oCUzoNizo 17 6 Blank
13 8 CQOCU70Ni10 15 4 C@oCU;;oNi]_o 17 7 Blank
13 9 CeCuoNigg 15 5 CeoCuoNizg 17 8 Blank
13 10 CQOCU20Ni50 15 6 C90CU20Ni10 17 9 Blank
13 11 CQ()CUgoNi40 15 7 C@oCU]_oNi]_o 17 10 Blank
13 12 CeCuoNiszg 15 8 Blank 17 11 Blank
13 13 CQoCUsoNizo 15 9 Blank 17 12 Blank
Table 6-5 Library 03 filling plan
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XY Catalyst X Y Catalyst X Y Catalyst

1 6 CQ_oNi 10F&0 5 14 CugCosoFex 9 4 Cl$0COloNi40
1 7 CaoNixFerg 5 15 CuyeCoroFep 9 5 CuoCoroNiszg
1 8 CeaoNizoFeso 6 2 CuoCooFesn 9 6  CuoCosoNix
1 9 CaoNisgF6so 6 3 CuCoxoFen 9 7  CudCoyoNigg
1 10 CeoNisoFeso 6 4 CuiCozoFes 9 8 CudCopNigp
1 11 CeoNigoFesg 6 5 CuoCoyoFesg 9 9 Blank

1 12 CegoN [ 20F&0 6 6 CuyCosoFeg 9 10 CuyoCoxN i 20
2 5 CaoNigoFero 6 7 CuoCosoFern 9 11 CuyeCosoNizg
2 6 CeoNigFer 6 8 CudCopFesy 9 12 CuyeCooNig
2 7 CeoNixFeso 6 9 CucCoxoFern 9 13 CudCoxoNizg
2 8 CeoN [ 30F650 6 10 CugCozgFesg 9 14 CyoCooN i 10
2 9 CQQN [ aoF€10 6 11 CleCO40Fezo 9 15 FQQCO]_QN [ 30
2 10 CeoN [ s0F630 6 12 CuoCosgFeg 9 16 FesCoxoN [ 70
2 11 CegN I soF&0 6 13  CuygCoFe 10 1 FeoCoxoN I 60
2 12 CeoN [ 20F€10 6 14 CuyoCoxgFexn 10 2 FeoCosoN [ 50
3 4 CQQNI 10F650 6 15 Clgoc%oFezo 10 3 FQQCQ:,QN [ 40
3 5 CeoNizF6eso 7 2 CuiCosFep 10 4  FeoCosoNizp
3 6 CeoNizoFeso 7 3  CuoCooFesn 10 5  FeoCoroNizg
3 7 CeoNisgFeso 7 4  CuCoxpFeyn 10 6  FeoCogoNiig
3 8 CeoNisgFex 7 5 CuoCosoFern 10 7  FeoCoioNizg
3 9 CeoNisoFero 7 6  CudCopFeyn 10 8  FeoCoxNigo
3 10 CQoNI 10F&0 7 7 Cl.#oCOzoFe_]_o 10 9 FQQC%QN [ 50
3 11 CegN [ 20F&0 7 8 CuyoCooFerg 10 10 Fe,CoyoN [ 40
3 12 CQoNigoFego 7 9 CLioCO]_oNigo 10 11 F@oCOg,oNigo
3 13 CQoNi40Fezo 7 10 ClioCOzoNim 10 12 F@oCOeoNizo
3 14 CQoNisoFe_Lo 7 11 ClioC%oNiso 10 13 F@oCOmNI 10
4 3 C%oNi 10F&10 7 12 Cli0C040Ni50 10 14 F@oCO]_oNieo
4 4 C%oNizoFego 7 13 ClioCOg,oNi4o 10 15 F@oCOzoNiso
4 5 C%oNi30Fezo 7 14 ClioCOsoNigo 10 16 F@0C030Ni40
4 6 CeoN I aoF€10 7 15 CuygCoN i 20 11 2 FeoCayoN I 30
4 7 C%oNi 10F €30 7 16 CuygCosgN i 10 11 3 FeoCosoN [ 20
4 8 CeoN I 20F&0 8 1 CuyoCogN i 70 11 4 F@oCOeoNi 10
4 9 CeoN [ aoF€eg 8 2 CuygCoxN i 60 11 5 FesCogN [ 50
4 10 CeoNI 10F&0 8 3 CuyoCozgN i 50 11 6 FeCoxoN I 40
4 11 CegN [ 2oF€10 8 4 ClioCO40Ni40 11 7 FegCozgN [ 30
4 12 C@oNI 10F€10 8 5 CuyoCosoN i 30 11 8 FeoCaoyoN I 20
4 13 CuyoCogFexo 8 6 CuygCosoN i 20 11 9 FQ()CQ-;()Ni 10
4 14 CuoCooFen 8 7 CuyoCorgN i 10 11 10 FeyCoN I 40
5 3 CuoCozgFesg 8 8 CuyoCoigN i 60 11 11 FeCoxoN [ 30
5 4 CuoCoygFesg 8 9 CuyCoxN i 50 11 12 FeyCozoN [ 20
5 5 CuoCosoFeyg 8 10 CuygCos0Nisg 11 13 FegCosNigg
5 6 CuoCosoFesg 8 11 CugCoygN i 30 11 14 Fe,CooN [ 30
5 7 CugCorgFex 8 12  CuygCos50Ning 11 15 FeggCoxNizg
5 8 CuoCoggFerg 8 13 CugCosgN i 10 11 16 F§0CO30NI 10
5 9 CuoCoFerg 8 14 CugCooNisg 12 2 FeoCooNixg
5 10 CucCoxgFes0 8 15 ClJ,oCOzoNi40 12 3 Fe()COzoNi 10
5 11 CuyoCozoFesg 8 16 CugCosNizg 12 4 FgoCo1oNiqg
5 12 CucCogFeno 9 2 CugCoyN i 20 12 5 FesCugN [ 30
5 13 CuyoCosoFesg 9 3 CugCos50Niqg 12 6 FeoCuxoNizg
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12 7 Fe oCusoNigo 13 14 FguCuyNigo 15 10 Blank
12 8 FQ_()CU40Ni5o 13 15 F@oCUgoNigo 15 11 Blank
12 9 FQOCU50Ni40 14 3 F80CU40Ni20 15 12 Blank
12 10 FQ_()CUsoNigo 14 4 FQ()CU;,oNilo 15 13 Blank
12 11 FQ_0CU70Ni20 14 5 F@oCU]_oNi40 15 14 Blank
12 12 FQ_()CUgoNilo 14 6 F@oCUzoNigo 16 5 Blank
12 13 FQOCU10Ni70 14 7 F@oCLboNizo 16 6 Blank
12 14 FQ()CUZONieo 14 8 F@oCU40Nilo 16 7 Blank
12 15 FQOCLb0Ni50 14 9 F@oCUloNigo 16 8 Blank
13 3 FQ()CU40Ni4o 14 10 F@oCUzoNizo 16 9 Blank
13 4 FeoCusoNiso 14 11 FeCugNip 16 10 Blank
13 5 FQ()CUsoNizo 14 12 F@oCUloNizo 16 11 Blank
13 6 FeoCuzoNiig 14 13 FeCuxpNizg 16 12 Blank
13 7 FrouloNiso 14 14 F@oCUloNilo 17 6 Blank
13 8 FeoCuoNiso 15 4 Blank 17 7  Blank
13 9 FeoCusoNisg 15 5 Blank 17 8 Blank
13 10 FeoCuwoNiszg 15 6 Blank 17 9 Blank
13 11 FeoCusoNizg 15 7 Blank 17 10 Blank
13 12 FeoCusoNi1o 15 8 Blank 17 11 Blank
13 13 Fa,oculoNi5o 15 9 Blank 17 12 Blank
Table 6-6 Library 04 filling plan
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X Y Catalyst X Y Catalyst X Y Catalyst

1 6 Blank 5 14 GC&£oyWs3 9 4 FeoCo7W3
1 7 Blank 5 15 GC&£oyV3 9 5 FeoCo7V3
1 8 Blank 6 2 C§C092Ti3 9 6 FQOCO77Ti3
1 9 Blank 6 3 C&€oples 9 7 FeCorTes
1 10 Blank 6 4 C&£oyBag 9 8 FelorBas
1 11 Blank 6 5 GCLoplmg 9 9 Blank

1 12 Blank 6 6 GCfoplas 9 10 FelCorrTms
2 5 CeComAl3 6 7 Blank 9 11 FeCorla
2 6 CeCoyoB3 6 8 FQOCO77A| 3 9 12 N50C037A| 3
2 7 C%CngCdg 6 9 Fe,Co;7B3 9 13 NiaoC%7Bg
2 8 CeC0yCr3 6 10 FelCo//Cds 9 14  NpCo3/Cds
2 9 C%CngDyg 6 11 FeCo;Crs 9 15 N iaoC%7C I3
2 10 CeCoooErs 6 12 FQ()CO77Dy3 9 16 NEOCO37Dy3
2 11 C@CngGClg 6 13 FegCor7Ers 10 1 Ni30C%7Er3
2 12 Blank 6 14  FgCo//Gds 10 2 NpoCo3/Gds
3 4 CeCogoHos 6 15 FeqCor7Hos 10 3 N iaoC%7H O3
3 5 CeCoLCas 7 2 FelCorCa 10 4 NboCo0s7Cas
3 6 CeCm2Sr3 7 3 FedlCorSr 10 5  NpoCos7Sr
3 7 CeCaoyolag 7 4  FeCorlas 10 6 NboCos7Las
3 8 CeCogslis 7 5 FeoCorlLis 10 7 NgoCos7Li3
3 9 CeCoyslusz 7 6 FeqCor7lus 10 8 NEOCO37|_U3
3 10 CeCo:Mgs 7 7  FeCorMgs 10 9 NioC037Mg3
3 11 CeCooMns 7 8 Fe,Co;7Mn3 10 10 N50C037M N3
3 12 CeCoyN d3 7 9 Fe,Co7N d3 10 11 Nj;oC%7N d3
3 13 CeCo0oySmy 7 10 FeCorSmy 10 12 NpeCos7Sny
3 14 CeCoySe; 7 11 FelCor/Se 10 13 NicCos7Se
4 3 CeCoyyY3 7 12 FeoCor7Y 3 10 14 N130C037Y3
4 4 CeCaoyZnz 7 13 FegCor7Zn3 10 15 Nj;oC%7Zn3
4 5 CeCooSns 7 14 FelCorrSng 10 16 NpoCos7Sns
4 6 CeCoyEws 7 15 FeCorEws 11 2 NboC0os7EWs
4 7 CeC0y,Shs 7 16 FeuCor7Shy 11 3 NioCo37Shs
4 8 CeCoCss 8 1 FellolCs 11 4 NpCouLCs
4 9 CeCoofe; 8 2 FelCorFes 11 5 NboCos7Fe;
4 10 CeCoyGa 8 3 FelCorlGa 11 6  NpoCos/Gas
4 11 CeCoyGes 8 4 FelCorGes 11 7 NboCo0s7:Ges
4 12 C@CngHfg 8 5 FQOC077Hf3 11 8 Nboc%ﬂ"fg
4 13 CeCog2lns 8 6 FeqCo7ns 11 9 NEOCO37|n3
4 14 CeCoy,Cu 8 7 FeCo,Cus 11 10 Nj;oC%7CUe
5 3 CeCoyoNag 8 8 FelCorNag 11 11 NpeCos7Nag
5 4 C%C0928|3 8 9 FQOCO77Si3 11 12 N£0C0378i3
5 5 C%CngTbg 8 10 FQQCO77Tb3 11 13 Nj;oc%ﬂ_bg
5 6 C%CngYb3 8 11 FQOCO77Yb3 11 14 N130C037Yb3
5 7 CeCoyyZrs 8 12 FegCor7Zr3 11 15 Nj;oC%7Zr3
5 8 CeCoyKs3 8 13 FeoCor7Ka 11 16 N130C037K3
5 9 CeCoy2Bi3 8 14 FeyCo:7Bi3 12 2 NkoC0s7Bi3
5 10 CeCoyoMo3 8 15 FesCo;7M03 12 3 N EOC037M O3
5 11 CeCoyN b3 8 16 FeCorN b3 12 4 N iaoC%7N b3
5 12 CeCoyRbs 9 2 FeoCor7Rbs 12 5 NioCos7Rb;
5 13 CegCmSg 9 3 FelorSa 12 6 NpoCo07Sx
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X Y Catalyst X Y Catalyst X Y Catalyst
12 7 NigoC037W3 13 14 Blank 15 10 Blank
12 8 NigoC037V 3 13 15 Blank 15 11 Blank
12 9 NigoC0s7Ti3 14 3 Blank 15 12 Blank
12 10 NigoC0z7T €3 14 4 Blank 15 13 Blank
12 11 NigogCos7Bag 14 5 Blank 15 14 Blank
12 12 NigoC037T M3 14 6 Blank 16 5 Blank
12 13 NiggCs7T g 14 7 Blank 16 6 Blank

12 14 Blank 14 8 Blank 16 7 Blank
12 15 Blank 14 9 Blank 16 8 Blank
13 3 CeCoys 14 10 Blank 16 9 Blank
13 4 FeoCogo 14 11 Blank 16 10 Blank
13 5 NigoC 040 14 12 Blank 16 11 Blank
13 6 Pt/Rh/AbO3 14 13 Blank 16 12 Blank
13 7 Blank 14 14 Blank 17 6 Blank
13 8 Blank 15 4 Blank 17 7 Blank
13 9 Blank 15 5 Blank 17 8 Blank
13 10 Blank 15 6 Blank 17 9 Blank
13 11 Blank 15 7 Blank 17 10 Blank
13 12 Blank 15 8 Blank 17 11 Blank
13 13 Blank 15 9 Blank 17 12 Blank
Table 6-7 Library 05 filling plan
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1 6 Blank 5 14 CuCosNiilCs 9 4 Blank

1 7 Blank 5 15 CuCosNigFes 9 5 Blank

1 8 Blank 6 2 CppCos7NioGas 9 6 Blank

1 9 Blank 6 3 CppCos7NioGes 9 7 Blank

1 10 Blank 6 4 CuCos7NigHf3 9 8 Blank

1 11 Blank 6 5 CCos7Niolnz 9 9 Blank

1 12 Blank 6 6 CuCos7NiioCus 9 10 Blank

2 5 Blank 6 7 CppCos7NijgNas 9 11 Blank

2 6 Blank 6 8 CppCos7NioSis 9 12 Blank

2 7 Blank 6 9 CppCos7NigTbs 9 13 Blank

2 8 Blank 6 10 CuCos7NigYbs 9 14 Blank

2 9 Blank 6 11 CuCosNigZrs 9 15 Blank

2 10 Blank 6 12 CuCos7NiggKs 9 16 Blank

2 11 Blank 6 13 CuCos7NipgBiz 10 1 Blank

2 12 Blank 6 14 CyCos7NigMoz 10 2 Blank

3 4 Blank 6 15 CuCos7NiggNbs 10 3 Blank

3 5 Blank 7 2 CppCos7/NigRbs 10 4 Blank

3 6 Blank 7 3 CpCos7NiigSe 10 5 Blank

3 7 Blank 7 4 CppCos7NiqgW3 10 6 Blank

3 8 Blank 7 5 CppCos7NigVs 10 7 Blank

3 9 Blank 7 6 CppCos7Nioliz 10 8 Blank

3 10 Blank 7 7 CuCos7/NioTes 10 9 Blank

3 11 Blank 7 8 CuCos7NizpBag 10 10 Blank

3 12 Blank 7 9 CuCos7NizoTms 10 11 Blank

3 13 Blank 7 10 CuCos7Nipplag 10 12 Blank

3 14 Blank 7 11 Blank 10 13 Blank

4 3 CuyoCos7Ni10Al 3 7 12 Blank 10 14 Blank

4 4 CLQ()COWNiloBg 7 13 Blank 10 15 Blank

4 5 CuyoCos7Ni1oCas 7 14 Blank 10 16 Blank

4 6 Cl.éoCOmNiloCI’g 7 15 Blank 11 2 C@C()E,7Fe_|_oA|3
4 7 CuyoCos7N i 10Dy3 7 16 Blank 11 3 CeCos7Fe B3
4 8 CuyoCos7N i 10EI3 8 1 Blank 11 4 CﬁCOg,7Fe_|_ocd3
4 9 CQOC057NiloGd3 8 2 Blank 11 5 CrCos/FeCrs
4 10 Cl;_loCOe7N i 10HO3 8 3 Blank 11 6 CﬁCQ:ﬂFe_]_oDyg
4 11 CuoCos7Ni1Cas 8 4 Blank 11 7 CrCos7FeErs
4 12 CuoCos7Ni10SK3 8 5 Blank 11 8 CCosFe Gz
4 13 CuoCos7Nirglas 8 6 Blank 11 9 CrCosFeHos
4 14 Cl;_loCOe7Nilo|_i3 8 7 Blank 11 10 GgCos7FelCa
5 3 CuyoCos7Nizolus 8 8 Blank 11 11 GCgCosFenSn
5 4 CuyoCos7NizopMgs 8 9 Blank 11 12 CeCosFeglag
5 5 CuyoCaos7Ni;oMn3 8 10 Blank 11 13 GegCos7Felis
5 6 CQOC057Ni10Nd3 8 11 Blank 11 14 GgCos7Feglus
5 7 CuyoCaos7Ni1oSn, 8 12 Blank 11 15 GgCos/FeoMgs
5 8 CuyoCos7Ni1oS& 8 13 Blank 11 16 GgCos7FegMns
5 9 CuyoCos7NiigY3 8 14 Blank 12 2 CGeCos7FeoNds
5 10 CugCos7NireZn3 8 15 Blank 12 3 CCos7FesSmg
5 11 CuoCos7Ni1oSs 8 16 Blank 12 4 CeCos/FeoSe;
5 12 CléoCOmNiloELb 9 2 Blank 12 5 CrCosFepnYs
5 13 CuoCos7Ni1oSh 9 3 Blank 12 6 CeCos7FeoZns
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X Y Catalyst X Y Catalyst X Y Catalyst
12 7 CeCos7/Fe Sy 13 14 CelCosFeoSe 15 10 Blank
12 8 CeCos/FeEwls 13 15 CelCos/FegWs 15 11 Blank
12 9 CeCos7/Fe Sy 14 CeCos7/Fegvs 15 12 Blank

3
12 10 CeCos7/FeelCs 14 4 CeCos7Feppliz 15 13 Blank
12 11 CeCosFegFes 14 5 CeCos7Feles 15 14 Blank
12 12 CeCos7/FegGas 14 6 CelCosHFeBas 16 5 Blank
12 13 CeCosFeGes 14 7 CeCos7/FegTms 16 6 Blank
12 14 CgCos7/FeHfs 14 8 CelCosHFepglas 16 7 Blank
12 15 CeCosFegns 14 9 Blank 16 8 Blank

13 3 CeCoFeCus 14 10 Cl;loCOmNi]_o 16 9 Blank
13 4 CelCos7/FergNas 14 11 CeyCosoFern 16 10 Blank
13 5 CeoCos7FeoSis 14 12 Pt/Rh/AIO; 16 11 Blank
13 6 CeCos7/Feplbs 14 13 Blank 16 12 Blank
13 7 CeCos7FepYbs 14 14 Blank 17 6 Blank
13 8 CeCos7/FeZrs 15 4 Blank 17 7 Blank
13 9 CegCosHFeKs 15 5 Blank 17 8 Blank
13 10 CeCosFeBiz 15 6 Blank 17 9 Blank
13 11 CeCos7/FegMo3s 15 7 Blank 17 10 Blank
13 12 CeCosFFeNb; 15 8 Blank 17 11 Blank
13 13 CgCos7FegRb; 15 9 Blank 17 12 Blank

Table 6-8 Library 06 filling plan
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1 6 Blank 5 14 CuFeCep 9 4 CuoFen

1 7 Blank 5 15 CuFeCen 9 5 CuoCey

1 8 Blank 6 2 CuFeCeo 9 6 CudFeCepo
1 9 Blank 6 3 CutFe;0Celp 9 7 CugFedCeyg
1 10 Blank 6 4 CuCero 9 8 CuoCeso

1 11 Blank 6 5 CupFesoCexn 9 9 Blank

1 12 Blank 6 6 CipFeCes 9 10 FeCerp

2 5 Blank 6 7 CuFeCep 9 11 Ceoo

2 6 Blank 6 8 CupFesoCeso 9 12 CuyCexp

2 7 Blank 6 9 FeCepo 9 13 CuyoFep

2 8 Blank 6 10 CuFeCepo 9 14 CugFesxn

2 9 Blank 6 11 CugFeCep 9 15 CuygFeCep
2 10 Blank 6 12 CuFeCeso 9 16 CuyCep

2 11 Blank 6 13 CyCep 10 1 CuyoFeCey
2 12 Blank 6 14 CuFeCesxn 10 2 CuoFecCeo
3 4 Blank 6 15 CuFeyo 10 3 FeCesp

3 5 Blank 7 2 CebFeso 10 4 Blank

3 6 Blank 7 3 CepFeso 10 5 Blank

3 7 Blank 7 4 CuFeoCen 10 6 CqoMn7oCexp
3 8 Blank 7 5 CepFe3Ceyg 10 7 CeoMn10Ceg
3 9 Blank 7 6 FeCeyo 10 8 MrgoCeo

3 10 Blank 7 7 CapFe iCesp 10 9 CaCey

3 11 Blank 7 8 FeCern 10 10 CagoMngCerg
3 12 Blank 7 9 CuCeso 10 11 CagoMn3zCesg
3 13 Blank 7 10 FgCeyp 10 12 CeoMn1Ceso
3 14 Blank 7 11  CyFen 10 13 CgMn1oCeyg
4 3 N |95F65 7 12 CudFe 10 14 CaggMn3oCesg
4 4 Cus Fez L33 7 13 Cuoo 10 15 CeMnioCep
4 5 CQOCQSO 7 14 ClgoFe40CG_|_0 10 16 MD,()CQso

4 6 CucCeip 7 15 CuydFedCep 11 2 CogMn7oCerg
4 7 Blank 7 16 CuFesCexp 11 3 C@oMnyo

4 8 Blank 8 1 CepFeCesg 11 4 CoCerp

4 9 Blank 8 2 CeFesoCerg 11 5 CeoMn4Cerg
4 10 Blank 8 3 CupFerCerg 11 6 CaeCe&o

4 11 Blank 8 4 CrFeso 11 7 CooMn,yoCeso
4 12 Blank 8 5 F&o 11 8 CaCerg

4 13 Blank 8 6 ReCexn 11 9 CoCe

4 14 Blank 8 7 CuFescCesn 11 10 MnCeo

5 3 Blank 8 8 CuFeoCen 11 11 Ce@oMnsg

5 4 N i70C€30 8 9 CugFe0Cen 11 12 CaoMn3oCeyg
5 5 Ni150%5 8 10 CugCex 11 13 CggMnyCesg
5 6 Ni95Y5 8 11 Fe,Cesp 11 14 CogMn1oCerg
5 7 CegR hl 8 12 CuygFeCep 11 15 CaMnyCeyg
5 8 Blank 8 13 CuFeCep 11 16 Ca@oMn4Ceso
5 9 Blank 8 14 CuFeCenq 12 2 Mnoo

5 10 Blank 8 15 CuFeCep 12 3 Caoo

5 11 Nb7N83 8 16 CuyCeyp 12 4 CaoMnyCesg
5 12 Blank 9 2 CuFeCeso 12 5 CqoMnsoCeyg
5 13 Fe,Cesn 9 3 CuoFesCesp 12 6 CoCeo
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12 7 MnyoCeso 13 14 CeogMn3g 15 10 N§3Y7

12 8 CogMngg 13 15 CeggMn3zCeso 15 11 N§4Y6

12 9 CxoMnyg 14 3 CeoMnzoCeyg 15 12 N§5Y5

12 10 CaoMngg 14 4 CaCexp 15 13 N§6Y4

12 11 CaCen 14 5 CooMn,Cerg 15 14 N§7Y3

12 12 CaogMngCeso 14 6 CaoMn1¢Cesg 16 5 Nngz

12 13 CaoMnegg 14 7 CaoMngoCerg 16 6 Nng]_

12 14 CaoMn3zCeyg 14 8 CoogMneCep 16 7 Nh_oo

12 15 CooMnsCesg 14 9 MnyoCeo 16 8 Ni)zLa7ReJ_
13 3 CaxoMn1¢Cesg 14 10 CggMnsg 16 9 NbsLazRe;
13 4 CooMn4oCeyo 14 11 Ceypo 16 10 NislasRe
13 5 MnsgCesg 14 12 CaoMnsCep 16 11 N§7La2Rel
13 6 MngoCep 14 13 CgoMnyo 16 12 NilLagRe
13 7 CaoMnyCeg 14 14 CgoMnsCesp 17 6 NboLagRe]_
13 8 CagMnsCen 15 4 CaoMnsCerg 17 7 NbgLa]_Re]_
13 9 MmCeo 15 5 Blank 17 8 NblLaioRe
13 10 CaoMnoCerg 15 6 NisCess 17 9 NbsLayRe
13 11 MnsoCerg 15 7 NboY]_o 17 10 NbgRe]_

13 12 CaoMn1oCes 15 8 NbiYg 17 11 NisLasRe
13 13 CaCeyp 15 9 NboYg 17 12 Blank
Table 6-9 Library 07 filling plan
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1 6 CwoCoso 5 14 Blank 9 4 CoLrxzdasss
1 7 CL$0Mn5o 5 15 Blank 9 5 C;Q13CT33,3Ti3313
1 8 CuoCrso 6 2 CusLozMnzzz 9 6  CasFesLess
1 9 CuoFeso 6 3 CusLlomsLrsz 9 7 CosFesiVsss

1 10 CuoCep 6 4 CusLoFexns 9 8 CasFesMosss
1 11 Cl;;oVso 6 5 Clég,ﬁ%g,ﬁe‘gg,g 9 9 Blank

1 12  CugoMoso 6 6 Cus3L0333Vazz 9 10 CazFesnaslisgs
2 5 Cuolaso 6 7 CuslomzMozzz 9 11 CasLessaVass
2 6 CuoTliso 6 8 CusLlozdasss 9 12 Ca3Les3M0s33
2 7 CaoMnsg 6 9 CusLLoss3lizzz 9 13 Cae3Lesdagss
2 8 CaoCrso 6 10 CusMnzzLrzz 9 14 CazLens3liazs
2 9 CaoFeso 6 11 CusMnzyzFesss 9 15 Caz3VzzMosss
2 10 CeCep 6 12 CusMnzsLeszz 9 16 C@zaVzzdasss
2 11 CeoVso 6 13 CusMnazaVazz 10 1 C@zaVazaliszs

2 12 CeoMosg 6 14 CusMnzsMossz 10 2 Ca3M0s33dags;s
3 4 Caolaso 6 15 CusMnasdazzzs 10 3 Ca@zMo03zz3lizss
3 5 Caolliso 7 2 CusMnasalissz 10 4 Caezdassalisss
3 6 MnsoCrso 7 3 CusLrzdess 10 5 MnzLrazdesss
3 7 MnsoFes0 7 4 CusLrs3Le33 10 6 M3 Lr3 L33
3 8 MnrsoCeso 7 5 CusLr;zaVass 10 7  MnzLr333Vass
3 9 MnsoV 50 7 6 CusLrzMosz3z 10 8 M3 Lr33 V0333
3 10 MnoMosg 7 7 CusLrzdagss 10 9  MnsLrzd asss
3 11  Mnylaso 7 8 CusLrazalizzz 10 10 MnsLCrasaliss;s
3 12 MnyTiso 7 9 CusFesLess 10 11 MnsFesLLess
3 13  CedFepo 7 10 CuysFess3Vsss 10 12 MnzFessaVass
3 14 CklCexpo 7 11 CusFesdMosss 10 13  MngFe3dMosss
4 3 CkoVso 7 12 CusFesdaggs 10 14 MnzFesdasss
4 4 CeoMoso 7 13 CuysFessslizaz 10 15 MnsFessalisss
4 5 Ceolaso 7 14 CuysLe33Vazz 10 16 MnzLe33Vas3
4 6 CeoTlso 7 15 CusLepMoszzs 11 2 Mz Le333MO0333
4 7 FeoCeso 7 16 CusLesdazz 11 3 MmLesdasss
4 8 F&oVso 8 1 CusLessgslizazs 11 4  MnsLCess 3z
4 9 FeoMoso 8 2 CusaVazMoszz 11 5 Mz 3V33dV033;3
4 10 Feolaso 8 3 CusaVazdapss 11 6 MnsaVazdasss
4 11  Feoliso 8 4 Cus3Vazalizsgs 11 7  MnsaVaz3lizas
4 12 CeoVso 8 5 CusMoszzdazzs 11 8 Mgz Mo3zd asss
4 13 CeoMosg 8 6 CusMosszzsliszz 11 9 Mn3MO0333liazs
4 14 Cedlaso 8 7 Cusdassalizzz 11 10 Mnsdagsalizags
5 3 CeoTiso 8 8 Ce3MnzsLrzz 11 11 CeFesesss
5 4 V50Moso 8 9 CesMnaFess 11 12 CezFeszaVaas

5 5 Vsolaso 8 10 CaesMnzzLes33 11 13 CgzFe3339M0333
5 6 VsoTiso 8 11 Ce3Mns3aVass 11 14 CgzFessdasss
5 7 Masolaso 8 12 Ca3MnazMossz 11 15 CgzFessaliszas

5 8 MaosoTiso 8 13 Ce@sMnzsdagzgz 11 16 CgzLe33Vass

5 9 LasoTiso 8 14 Cas3Mnaszliszz 12 2 Cg3LCes3MO0333
5 10 Blank 8 15 CaLrxfFess 12 3 CrLepsiasss
5 11 Blank 8 16 C;Q,£I'33y3ceg313 12 4 C§3,3C83,3,3Ti33,3
5 12 Blank 9 2 CQ,£r33,3V33,3 12 5 C§3,3V33,d\/|033,3
5 13 Blank 9 3 C@,£I’3313M033,3 12 6 C§3,3V33,d_a33,3
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Catalyst X Y Catalyst X Y Catalyst

Y

12 7 Cr33,3V33,3Ti33,3 13 14 \é3,d\/|033,3|_%3,3 15 10 Blank

12 8 CI’33,3M033,3L8.33,3 13 15 \é313|\/|033,3Ti33,3 15 11 Blank
9

12 Cr33,3j\/I033,3Ti33,3 14 3 \/333].%3,31-@3,3 15 12 Blank

12 10 C|@,3,3La33,3Ti33,3 14 4 Mng:-;l_ag313Ti3313 15 13 Blank

12 11  FesLCensdas 14 5  Blank 15 14 Blank
12 12 FQ3,3C83,3,3N|033,3 14 6 CooCusgMnzg 16 5 Blank

12 13 FesLCeasdaszs 14 7  Blank 16 6 Blank

12 14 FQ3,3C83,3,3Ti33,3 14 8 CogMngg 16 7 Blank

12 15 FQ3,3V33,d\/|033,3 14 9 Blank 16 8 Blank
13 3 FQ3,3V3313L83313 14 10 Blank 16 9 Blank
13 4 F%3,3V33,3Ti33,3 14 11 Blank 16 10 Blank
13 5 FesdMos3dasss 14 12  Blank 16 11 Blank
13 6 F%31N033,3Ti33,3 14 13 Blank 16 12 Blank
13 7 FQ3,3|_a33,3Ti33,3 14 14 Blank 17 6 Blank
13 8 CQ3,3V33,N033,3 15 4 Blank 17 7 Blank
13 9 CQ313V33,3L8.33,3 15 5 Blank 17 8 Blank
13 10 CQ3,3V33,3Ti33,3 15 6 Blank 17 9 Blank
13 11 CezMoszdaszs 15 7 Blank 17 10 Blank
13 12 Cdi\/'O33,3Ti33,3 15 8 Blank 17 11 Blank
13 13 Cng:-;l_ag313Ti3313 15 9 Blank 17 12 Blank

Table 6-10 Library 08 filling plan
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1 6 CeCog 5 14 Blank 9 4 CoCusg
1 7 Blank 5 15 CgMogg 9 5 Blank

1 8 CeCos 6 2 Blank 9 6 CaCuo
1 9 Blank 6 3 Blank 9 7 Blank
1 10 CaoCoio 6 4 CLioTi 920 9 8 CagFeyo
1 11 Blank 6 5 Blank 9 9 Blank
1 12 CeoCrqg 6 6 FeoMngg 9 10 CagFesg
2 5 Blank 6 7 Blank 9 11 @Mogg
2 6 Blank 6 8 Blank 9 12  Ggrep
2 7 CuoMogg 6 9 Blank 9 13 Blank

2 8 Blank 6 10 Blank 9 14 GeMngg
2 9 Blank 6 11 Blank 9 15 Blank
2 10 MnyoMo010 6 12 Blank 9 16 GgMnsg
2 11 Blank 6 13 Blank 10 1 Blank
2 12 Blank 6 14 FgMogg 10 2 Blank

3 4 Blank 6 15 Blank 10 3 EsMnqg
3 5 CeCrso 7 2 CeoMosg 10 4 Blank

3 6 Blank 7 3 Blank 10 5 Blank
3 7 CedCrio 7 4 CgoMo1g 10 6 FeogMnsg
3 8 Blank 7 5 Blank 10 7 Blank
3 9 CaoCugg 7 6 CQoTigo 10 8 Blank

3 10 Blank 7 7 Blank 10 9 Blank
3 11 CeCusg 7 8 C@()Ti50 10 10 CyggMnig
3 12 Blank 7 9 Blank 10 11 Blank
3 13 CaoCuo 7 10 C@()Ti]_o 10 12 Blank

3 14 Blank 7 11  FRgTig 10 13 Blank

4 3 Blank 7 12 CCrg 10 14 MnoMosg
4 4 Blank 7 13 Blank 10 15 Blank
4 5 Blank 7 14 CaCrg 10 16 Blank

4 6 Blank 7 15 Blank 11 2 Gsen
4 7 Blank 7 16 C&Crio 11 3 Blank

4 8 Blank 8 1 Blank 11 4 GeMogg
4 9 Blank 8 2 Blank 11 5 Gulliso
4 10 Blank 8 3 Blank 11 6 G§Mosg
4 11 FgoMo19 8 4 Blank 11 7 Blank

4 12 Blank 8 5 Blank 11 8 GeMo10
4 13 Blank 8 6 Blank 11 9 Blank
4 14 MQoTi 90 8 7 Blank 11 10 CﬁTI 90
5 3 CedoFex 8 8 CuoMngg 11 11 Blank

5 4 Blank 8 9 Blank 11 12 G@ligg
5 5 CeoFesn 8 10 Blank 11 13 GgMogg
5 6 MnyoTi1o 8 11 Blank 11 14 GCgTigp
5 7 CeoFerp 8 12 Blank 11 15 Blank

5 8 CuyoMnsg 8 13 Blank 11 16 GsCuy
5 9 CgoMngg 8 14 MnoMogg 12 2 Blank

5 10 Blank 8 15 Blank 12 3 M#Tigo
5 11 CeoMnsgg 8 16 Blank 12 4 Blank

5 12 Blank 9 2 CaCuy 12 5 Blank

5 13 CgoMnyg 9 3 Blank 12 6 F@Tilo
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12 7 Blank 13 14 Blank 15 10 &Moqg
12 8 Blank 13 15 GpMnsg 15 11 CldoTilo
12 9 Blank 14 3 Blank 15 12 Tigo
12 10 Blank 14 Blank 15 13 Blank
12 11 Blank 14 5 FeMosg 15 14 CgoTiso
12 12 Blank 14 6 Blank 16 5 Blank
12 13 Pt/Rh/A}O3 14 7 Blank 16 6 Blank
12 14 Blank 14 8 FeTiso 16 7 Blank
12 15 Blank 14 9 Blank 16 8 Blank
13 3 MnsoTiso 14 10 Blank 16 9 GMosg
13 4 Blank 14 11 Blank 16 10 Blank
13 5 CrooCuyg 14 12 Blank 16 11 Blank
13 6 Blank 14 13 Blank 16 12 Blank
13 7 CroFey 14 14 Blank 17 6 @6-“10
13 8 Blank 15 4 GioMnyg 17 7 Blank
13 9 CrsoFeso 15 5 Blank 17 8 CuFepn
13 10 CroCusg 15 6 Blank 17 9 Blank
13 11 C@oFe_Lo 15 7 MngTi]_o 17 10 ClgoFQ;o
13 12 MaosoTisg 15 8 CeoMosg 17 11 Blank
13 13 ChoMngg 15 9 Blank 17 12 GyFep
Table 6-11 Library 09 filling plan
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1 6 CQ2,3Ti32,3CI’32,3A\|3 5 14 Tigocrm 9 4 C%oTi]_oCI'30
1 7 CeoslizzCrs2Bs S5 15 TieCreo 9 5 CeolizCr0
1 8 CeoalizgLCrs2dPys 6 2 TioCrso 9 6 CeolisCripo
1 9 CeoslioCra2Er3 6 3 TeoCrao 9 7 Ceolia

1 10 CealiszLrs2dGdk 6 4 ThoCrso 9 8 Cedlrsy

1 11 CepalizgLlrszHoz 6 5 TiCrapo 9 9 Cegli1Crp
1 12 C62,3Ti32,3CI’32,3C83 6 6 Tbocr]_o 9 10 Blank

2 5 Ceoalizg L3238 6 7 Thoo 9 11 CeolixCrig
2 6 CepslizoLCrpdas 6 8  CeCry 9 12 Ceolig

2 7 CepalizagLCrpdiz 6 9  CaoliCrgo 9 13 CedCryp

2 8 CQ2,3Ti32,3CI’32,3LU3 6 10 CQoTizocrm 9 14 C@()Tilocr]_o
2 9 Ceoalizg,LrpMgs 6 11 CeolizeCreo 9 15 Ceolix

2 10 C62,3Ti32,3CI’32,dV| N3 6 12 CQoTi40CI’50 9 16 CegCrip

2 11 C@2,3Ti32,£r3213Nd3 6 13 CQoTi5ocI'4o 10 1 C@oTilo

2 12 CazalizaLra23S5Mms 6 14 CegligoCrao 10 2 Ceouo

3 4 CepalizgLCrpSe 6 15  CeolizeCrao 10 3  CasgslizzLr333
3 5 CeoalizaLCrsp3Ys 7 2 CaoligeCrio 10 4 Cigo

3 6 CepalizgLCrpZnz 7 3 Caglig 10 5 MnCrg

3 7 CeoalizaLCrpsSn 7 4 CedCrgo 10 6  MnCrgo

3 8 CepalisgCrapFE 7 5 CeoliCrso 10 7  MnCrspo

3 9 CeoalizaLCrpsShy 7 6 CeoTixCreo 10 8  MnCreo

3 10 CeaalizagLrpCs 7 7  CeolizCrso 10 9  MnCrso

3 11 C62,3Ti32,3CI’32,3Fe3 7 8 CQoTi40CI'40 10 10 MnryoCrao

3 12 C@2,3Ti32,£r3213Gag 7 9 CQoTi5ocI'30 10 11 Mr'}oCI'go

3 13 C62,3Ti32,3CI’32,3Geg, 7 10 CQoTieocrzo 10 12 MQ()CI’QO

3 14 C@2,3Ti32,£r3213|‘|f3 7 11 CQoTimCI']_o 10 13 M@oCI']_o

4 3 CQ2,3Ti32,3CI’32,3|n3 7 12 CQoTigo 10 14 Mngo

4 4 CQ2,3Ti32,£I'3213CU(3 7 13 CeCrypo 10 15 Cago

4 5 CQ2,3Ti32,3CI’32,j\183 7 14 CQoTilocreo 10 16 MﬂoCOgo

4 6 CQ2,3Ti32,£I'32,33i3 7 15 C@oTizoCI'so 11 2 MQQCOgo

4 7 CQ2,3Ti32,3CI’32,3Tb3 7 16 CQoTigocr4o 11 3 MI},()COm

4 8 CQ2,3Ti32,£I'32,3Yb3 8 1 CQoTi4ocI'30 11 4 MrhoCOso

4 9 CeoalizgCra2aZrs 8 2 CeoliseCrao 11 5  MnoCoso

4 10 C@2,3Ti32,£r3213K3 8 3 CQoTieocrlo 11 6 Mﬂ;oCO4o

4 11 C62,3Ti32,3CI’32,3Bi3 8 4 CQoTim 11 7 MW()CQ:,O

4 12 C@2,3Ti32,£l’3213|\/|03 8 5 CaCrso 11 8 MnyoCo

4 13 C62,3Ti32,3CI’32,j\lb3 8 6 CaoTi]_oCI'so 11 9 MI’!)()CO]_O

4 14 C@2,3Ti32,£r3213|:2b3 8 7 CQoTizocI'4o 11 10 Crorgo

5 3 CQ2,3Ti32,3CI’32,3S(‘8 8 8 CaoTi30Cr3o 11 11 Crorgo

5 4 CQ2,3Ti32,3CI’32,3W3 8 9 CQ()Ti40CI'20 11 12 C@oCI’m

5 5 CQ2,3Ti32,£I'32,3V3 8 10 CQoTi5ocI'10 11 13 CQ()CI'GQ

5 6 CQ2,3Ti32,3CI’32,3Te3 8 11 CQoTieo 11 14 C@oCI’so

5 7 CQ2,3Ti32,£I'32,3883 8 12 C@ocrso 11 15 C@oCI'4o

5 8 CQ2,3Ti32,3CI’32,3Tm3 8 13 C@oTi]_oCMo 11 16 Ceocr30

5 9 CQ2,3Ti32,£I'32,3T83 8 14 C@oTizoCI'go 12 2 C@oCI’zo

5 10 C62,3Ti32,3CI’32,3C03, 8 15 C@()Tigocrzo 12 3 C(@ocrlo

5 11 Choo 8 16 CeglisCrig 12 4 MnoCo.oCrgo
5 12 Th_oC foo 9 2 C@()Ti 50 12 5 MnoCooCrsg
5 13 TboCrgo 9 3 CeoCrao 12 6 MnoCo30Creo
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12 MnyoC050Crag 13 15 MnoCoyCryg 15 11 Blank
12 MnCos50Crao 15 12 Blank
12 10 M oCo7¢Crzg 14 MnyoC010Crag 15 13 Blank
12 11 M oCosoCrig 14 Mny,gC0,0Crag 15 14 Blank

Y
12 7 MnygCouoCrsg 13 14 MngCozoCrsg 15 10 Pt/R h/AdO3
8
9 3
4
5
12 12 an()CO]_oCI'?o 14 6 Mrt,oc%ocrzo 16 5 Blank
7
8
9

MnygC050Cra0 14

12 13 MnogC00Crisg 14 MnygCosoCrig 16 6 Blank
12 14 M nzoc%oc 50 14 M rb()CO]_oC 30 16 7 Blank
12 15 MnogC040Crag 14 MnyoC00Crrag 16 8 Blank

13 3 MnyoCos0Cr3g 14 10 MnroCo3Crig 16 9 Blank
13 4 MnogC050Cr20 14 11 MnrgC010Crag 16 10 Blank
13 5 MnyoC070Cr1g 14 12 MnroCoyxCrig 16 11 Blank
13 6 MnzgC01oCrso 14 13 MnrgCo010Cr1g 16 12 Blank
13 7 MnzC0oCrsg 14 14 MQ3,£%3,3Cr33,3 17 6 Blank
13 8 MnzgC030Cra0 15 4 C@3,3Ti33,3Cr33,3 17 7 Blank
13 9 MnzoC040Cr30 15 5 Blank 17 8 Blank
13 10 MnsgC0s50Cr20 15 6 Blank 17 9 Blank
13 11 MnsoC0s0Crri0 15 7 Blank 17 10 Blank
13 12 MrugC010Crso 15 8 Blank 17 11 Blank
13 13 MmnuoC00Cra0 15 9 Blank 17 12 Blank

Table 6-12 Library 10 filling plan
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1 6 C@Ti79CI’9A| 3 5 14 CpoFeso 9 4 Blank

1 7 C@Tthrng 5 15 CgdFen 9 5 Blank

1 8 CeTizCrgDys3 6 2 CuroFeo 9 6 Blank

1 9 C@TingrgErg 6 3 C[‘,oFGj,o 9 7 C§7FeloZn3

1 10 C@Ti79CI’gGCb 6 4 CeoFe&no 9 8 Ceelrs

1 11 CeTizCrHos 6 5 CrFep 9 9 Blank

1 12 CaTi7eCroCas 6 6 CedFexp 9 10 CgheCe

2 5 C@TI 790 I'gSI’g 6 7 CboFe]_o 9 11 C§7Fe_]_oTi 3

2 6 C@TI 79Crglaz 6 8 Choo 9 12 CQgTi49C fgV3

2 7 CeTizoCroliz 6 9 Ce/FedAls 9 13 Ceg3alisg3Lrsg3Vs
2 8 CeTizeCrolus 6 10 CgFeBa 9 14 Cereliar76LCl76NV7
2 9 C@Ti7gcrg|\/|g3 6 11 C§7Fe_|_oBi3 9 15 CQ7Ti47CI'27V9

2 10 C@Ti79Cf9M N3 6 12 Cg/Fe B3 9 16 CQgTi49Cf298(‘3

2 11 C@Ti7gcrgNd3 6 13 CgFeCa 10 1 CQ3,33Ti4813£r28,333C5
2 12 C@Ti79CI’QS|T13 6 14 CE7FGJ_0C03, 10 2 CQ7,57Ti47,67CT'27,67SC7
3 4 CeTi7oCreSes 6 15 CgFells 10 3 Ce7Ti47Cr7Scq

3 5 C@TI 70CrgY 3 7 2 CeHeCu 10 4 CQgTi49C rngf3

3 6 CeTizoCreZng 7 3  Cefedys 10 5  Cegaalisg3Chs s
3 7 CeTizgCreSny 7 4  CeiFecknr 10 6  CererliareCraretifs
3 8 CeTizsCrEws 7 5 CeFeEws 10 7 Ce7Ti47Cry7Hfg

3 9 C@TI 7C r98b3 7 6 CeFeGa 10 8 CQgTi49C loglns

3 10 CgTi7CrCs 7 7 CefFedGd 10 9  Cegaalisg3Chs3dNs
3 11 C@Ti79CI'9Fe3 7 8 C§7FeloGe3 10 10 CQ7,67Ti47,67Cr27,67In7
3 12 C@Ti7gcrgGa3 7 9 C§7Fe_|_on3 10 11 CQ7Ti47CI'27|n9

3 13 C@Ti79CI’gGeg, 7 10 Cg/FeoHos 10 12 C@glgTi49,8CI’29,9°\go,5
3 14 C@Ti7QCrng3 7 11 Cgieplns 10 13 C@glgTi49,8CI'2919°\Uo’5
4 3 C@Tingrglng 7 12 CgFeKa 10 14 C@,gTi49,£r29,dro,5
4 4 C@Ti7gcrgCU@ 7 13 C§7Fe_|_o|_ag 10 15 C@glgTi49,8CI'2918Pd315
4 5 C@Ti79CI’9N83 7 14 C§7Fej_0|_i3 10 16 C@gygTi49,8CI'29,8Pib,5
4 6 C@Ti7gcrgSi3 7 15 C§7Fe]_o|_U3 11 2 ClegTi4gyscr2913QQ)y5
4 7 C@Ti79CI'9Tb3 7 16 C§7Fej_0|\/|gg 11 3 CnggTi49,8CI’29,3QI'b,5
4 8 C@Tthrngg 8 1 C§7Fe]_o|\/| N3 11 4 CnggTi49,8CI'2913QLby5
4 9 CeTizoCroZrs 8 2 Ceg/FeoMos 11 5 Blank

4 10 CeTi7oCroKs 8 3 Ce/fedNa 11 6 Blank

4 11 C@Ti79CI’gBi3 8 4 Cé7Fej_oNb3 11 7 Blank

4 12 C@Ti7gcr9|\/|03 8 5 C§7Fe]_oNd3 11 8 Blank

4 13 CeTizgCrgNbs 8 6 Ce/FeoRbs 11 9 Blank

4 14 CeTizoCroRb; 8 7 Ceg/FeoSh 11 10 Blank

5 3 CeTi7CreSc 8 8 Ceg/FeoS 11 11 Blank

5 4 CeTizgCroWs 8 9 Ceg/FecSs 11 12 Blank

5 5 C@Ti7gcr9V3 8 10 C§7Fe_|_oSi3 11 13 C@oTi49,5CI'30Ago’5

5 6 C@Ti79CI'9Te3 8 11 CgFeSms 11 14 C@oTi49,5CI’30AUO,5

5 7 C@Ti7gcrgBae 8 12 CghenSns 11 15 C@oTi49,5CI’30|ro’5

5 8 C@Tingrng3 8 13 C1§7Feer3 11 16 C@oTi49,5Cr3oPcb,5

5 9 C@Ti7gCrgTa3 8 14 C§7Fe_|_oT83 12 2 CQoTi49,5CI'30Ptoy5

5 10 C@Ti79Cf9CQ>, 8 15 C§7Fej_0Tb3 12 3 CQoTi49,5CI’30RQ),5

5 11 CQoTigocrlo 8 16 C§7Fe_|_oTe3 12 4 CQoTi49,5CI'30R|’by5

5 12 FQOO 9 2 C§7Felon3 12 5 CQoTi49,5CI’30R|'b,5

5 13 ChioFex 9 3 CefenVs 12 6 Blank
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12 7 Blank 13 13 Blank 15 10 Blank
12 8 Blank 13 14 Blank 15 11 Blank
12 9 Blank 14 3 Blank 15 12 Blank
12 10 Blank 14 4 Blank 15 13 Blank
12 11 Blank 14 5 Blank 15 14 Blank
12 12 Blank 14 6 Blank 16 5 Blank
12 13 Blank 14 7 Blank 16 6 Blank
12 14 Blank 14 8 Blank 16 7 Blank

12 15 Blank 14 9 Blank 16 8 Blank
13 3 CnggTi33y3cr33,3 14 10 Blank 16 9 Blank
13 4 Pt/Rh/AbO3 14 11 Blank 16 10 Blank
13 5 CeolisoCrzg 14 12 Blank 16 11 Blank
13 6 Blank 14 13 Blank 16 12 Blank
13 7 Blank 14 14 Blank 17 6 Blank
13 8 Blank 15 4 Blank 17 7 Blank
13 9 Blank 15 5 Blank 17 8 Blank
13 10 Blank 15 6 Blank 17 9 Blank
13 11 Blank 15 7 Blank 17 10 Blank
13 12 Blank 15 8 Blank 17 11 Blank
13 13 Blank 15 9 Blank 17 12 Blank

Table 6-13 Library 11 and 12 filling plan
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1 6 CQ2,3Ti32,3CI’32,3V3 5 14 Blank 9 4 C@oTi49Cf30|r1

1 7 Blank 5 15 Cq9,7Ti4g,£r29,7Agl 9 5 Blank

1 8 CQ2,3Ti32,3CI’32,3S(‘8 6 2 Blank 9 6 C@Ti49CI’30PCﬁ_

1 9 Blank 6 3 CgTisCrglus 9 7 Blank

1 10 Ce32,3Ti32,3Cr32,3Hf3 6 4 Blank 9 8 C@Ti49CI’30Pt1

1 11 Blank 6 5 CeylisgCrgMgs 9 9 Blank

1 12 Ce32,3Ti32,3Cr32,3ln3 6 6 Blank 9 10 Ceoni49Cr3oRel

2 5 CQ_gTi4QCI'29A| 3 6 7 CQgTi4ng29M ns 9 11 Blank

2 6 Blank 6 8 Blank 9 12 CeyTlisgCrzRMhy

2 7 CQ_gTi4QCI'ngg 6 9 CQgTi4ng29Nd3 9 13 Blank

2 8 Blank 6 10 Blank 9 14 CexTliaCrsoRuy

2 9 CQ_gTi4QCI'29Dy3 6 11 CelgTi4gcr298rng 9 15 Blank

2 10 Blank 6 12 Blank 9 16 Ce33,13Ti33,13Cr33,13Ago,5
2 11 Ce_]_gTi4QCI'29Er3 6 13 Ce_LgTi4gCT298% 10 1 CQ_gTi4QCI'29Hf3

2 12 Blank 6 14 Blank 10 2 Blank

3 4 CeielizrelrieVs 6 15 CegliagCragYs 10 3 CeaglisCrglns

3 5 Blank 7 2 Cg7lisggCrpg7Au; 10 4 Blank

3 6 CQl,egTi31,6£r31,638Q 7 3 Blank 10 5 CQ_gTi4QCI'29CU@

3 7 Blank 7 4 Cg7lisggCrp4ar; 10 6 Blank

3 8 CQ1,63Ti3116£r31163Hf5 7 5 Blank 10 7 CQ_gTi4QCI'29N83

3 9 Blank 7 6 Cg7lisggCrpAd 10 8 Blank

3 10 C%l,egTi31,6£r31,63n5 7 7 Blank 10 9 CQ_gTi4QCI'zgSi3

3 11 Blank 7 8 CQQ,7Ti49,7CF29,7Pt1 10 10 Blank

3 12 Ceg,o,g7Ti30,97CT30197V7 7 9 Blank 10 11 Ce_]_gTi4QCI'29Tb3

3 13 Blank 7 10 CeglisggLro9Re 10 12 Blank

3 14 Ceg,o,g7Ti30197CT30197SC7 7 11 Blank 10 13 Ce_]_gTi4QCI'29Yb3

4 3 CQ_gTi49CI’ngCb 7 12 Celg,7Ti49,7cr29,7Rh1 10 14 Blank

4 4 Blank 7 13 Blank 10 15 CegliaoCraoZrs

4 5 CQ_gTi49Cf29H03 7 14 Ce19,7Ti4g,7Cr29,7Ru1 10 16 Blank

4 6 Blank 7 15 Blank 11 2 CQ3,13Ti3311£r331136\U015
4 7 CQ_gTi49CI'29C83 7 16 Ceoni4gCr30Agl 11 3 Blank

4 8 Blank 8 1 C@Ti4gCrngn3 11 4 CQ3,13Ti33,1£r33,13]r0,5
4 9 CaglisCrSr; 8 2 Blank 11 5 Blank

4 10 Blank 8 3 C@gTi4ng298r13 11 6 CQ3,13Ti3311£r3311j3d)’5
4 11 CegTliaCroglag 8 4 Blank 11 7 Blank

4 12 Blank 8 5 C@gTi4ng29ELt3 11 8 CQ3,13Ti3311£r331153t015
4 13 CQ|_9Ti49Cf29Li3 8 6 Blank 11 9 Blank

4 14 Blank 8 7 C@gTi4ng298bg 11 10 Ce3,3,13Ti33,1£r33,1£a),5
5 3 CQO,97Ti30,97CF30,97Hf7 8 8 Blank 11 11 Blank

5 4 Blank 8 9 C@Ti4ng29CSg 11 12 Ce33,13Ti33,13Cr33,1d?fb,5
5 5 CQ0,97Ti30197CF30197|n7 8 10 Blank 11 13 Blank

5 6 Blank 8 11 CelgTi4gCr29Fe3 11 14 Ce33,13Ti33,13Cr33,1d?u(),5
5 7 CQolgTigoyﬁrgong 8 12 Blank 11 15 Blank

5 8 Blank 8 13 CelgTi4gCrnga3 11 16 CQ>,2,97Ti32,97CF32,976\g]_
5 9 CeoalizoLr30356 8 14 Blank 12 2 Blank

5 10 Blank 8 15 CelgTi4gCrnge3 12 3 CQ_gTi49Cf29K3

5 11 Ceg,o,gTigoyﬁrgongfg 8 16 Blank 12 4 Blank

5 12 Blank 9 2 C@oTi4ng30AU1 12 5 CQ_gTi49CI’ngi3

5 13 Ceg,olgTigoyﬁrgoyglng 9 3 Blank 12 6 Blank
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12 7 CaglisgCragMos 13 14 Blank 15 10 Blank
12 8 Blank 13 15 C;Q197Ti32,g7cr32,g7RU1 15 11 Blank
12 9 CQgTi49Cf29Nb3 14 3 CQgTi49Cf29V3 15 12 Blank
12 10 Blank 14 4 Blank 15 13 Blank
12 11 CQ_gTi49Cf29Rb3 14 5 CQgTi49Cf29T€3 15 14 Blank
12 12 Blank 14 6 Blank 16 5 Blank
12 13 CQ_gTi49Cf298Q3 14 7 CQgTi49Cf29833 16 6 Blank
12 14 Blank 14 8 Blank 16 7 Blank
12 15 CQ_gTi49Cf29W3 14 9 CQgTi49Cf29Tm3 16 8 Blank
13 3 CQ2197Ti32,g7CI'32,976\U1 14 10 Blank 16 9 Blank
13 4 Blank 14 11 CgTiasCrxglag 16 10 Blank
13 5 CQ2197Ti32,g7CI’32,97|I’1 14 12 Blank 16 11 Blank
13 6 Blank 14 13 CgTiagCroCos 16 12 Blank
13 7 CQ2197Ti32,g7CI'32,g7Pd1 14 14 C@gTi4ng29Agg 17 6 Blank
13 8 Blank 15 4 C@,gTi33,3Cr33,3 17 7 Blank
13 9 CQ2197Ti32,g7CI'32,97Pt1 15 5 Blank 17 8 Blank
13 10 Blank 15 6 Pt/Rh/AD; 17 9 Blank
13 11 CQ2197Ti32,g7CI'32,g7ReJ_ 15 7 Blank 17 10 Blank
13 12 Blank 15 8 CgTisCrzo 17 11 Blank
13 13 CQ2197Ti32,g7CI'32,g7Rh1 15 9 Blank 17 12 Blank
Table 6-14 Library 13 filling plan
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1 6 CeyalizdfCraVaAuges 5 14 Cesppalizzoflraadnalroos 9 4 Ceralisz 24Crs HfsPlh os
1 7 Ceyaliz2fCrdnsAugos 5 15 Cespalizooflray Hfslrgos 9 5 Cezalizz 24Cr32,35GPh 05
1 8 CepalizfCrp HfzAUgos 6 2  Ceraliz26CrSalroes 9 6 CasalizzdCras Plos

1 9 CeyalizdCrsSeAUges 6 3 Cesaliss2dCrasdroos 9 7 CeglisgoflrelMsPl o5
1 10 Cessliss24Cr333AUg,05 6 4 CeglisgoflrolMalroos 9 8  CeglliagodCreGhPly 05
1 11 CelgTi48,95Cr29Tm3Auo,o5 6 5 CQgTi48,9£rngd3|ro’o5 9 9 Blank

1 12 CeolisgoflreGhAUg s 6 6  CeglisgesflreSalro o5 9 10 Ceglisgoflr0SaPH 05
2 5 CaglisgollreSsAUgos 6 7  CaollisgofCr20Sikslro 05 9 11 CeolisgoflreSizPly 05

2 6 CagllisgofCrgSisAUp 05 6 8 Cegligelra0llo,05 9 12 Cexplisg,06Cr30Ph,05

2 7 CeoliagefCr30AUp 05 6 9 CaTizgoCroBislroos 9 13 CeTizgofCroBisPl o5

2 8 CaTizgeLroBizAUo 05 6 10 CeTizgodCroMgalroos 9 14 CeTizgeCroMgsPly o5

2 9 CaTizgeCroMgsAUp 05 6 11 Cespgalizzofrz2aValroor 9 15 Cesoalis 2dCr32,3VaPh o1
2 10 CesalizpoLra2aVaAUgor 6 12 Cespalizgoflrandnalioer 9 16 Cespalize 2dCra2 dN3Plh o1
2 11 CespslizpoLr2dNnsAuUgoer 6 13 Cespalizg oz Hfalroor 10 1 Cespalizg 2dCra2 Hf3Pl 01
2 12 CespalizoLraz HfzAuger 6 14 Cespaliz ol S&lroor 10 2 Cesoalizg, 2dCra2 3SGPH 01
3 4 Cep3lizn2Lr2SGAUg01 6 15 Cesaslizz2dCrazdroon 10 3 Ceagslizz2Lr3Ph o1

3 5 Cezgalizz2dCr33 AU 01 7 2 CeglisgodlrelMalroo1 10 4 CagliagodlrgT M3Ply o1
3 6 CaglisggollragTmsAUgor 7 3 CeglisgodreGklIrg o1 10 5 Caglisgodlr9GasPlh 01
3 7 CaglisgollloGhAUor 7 4  CaollisgodlleSGlrg o1 10 6 Caglisgodll9S&Ph 01
3 8 CaglisgolroSBAUg0r 7 5  CaollisgodlreSislro, 01 10 7 Ceaglisgodlr0SisPlh 01
3 9 CagllisgodlrgSizAUp 01 7 6 CegliagoeLraolroo1 10 8 Ceoliagodlr30Ph 01

3 10 Cexoliagodr30AUp,01 7 7 CaTizgodlroBislro o1 10 9 CeaTizgeLlreBisPh o1

3 11 CeTizgedlreBizAUg 01 7 8 CaTizgodflroMgalro o1 10 10 CeyTizgedlreMgsPlh 01

3 12 CeTizs,efroMgsAUp 01 7 9 Cezaliz2r3VaPthos 10 11 Ceszaliszz 24Cr32,3V3Rey o5
3 13 Ces3alizg2Cr23VaAdoos 7 10 Cespaliz 28l dNsPthpos 10 12 Cesp alizg,24Cr32 dN3Rey o5
3 14 Ces3liz2Cr2dN3Ago0s 7 11 Cespslizg 2fCrap HfsPthos 10 13 CespaTiz 24Crs2 HfzRe o5
4 3 CepalizoLraHf3Agoos 7 12 Cesp3lize 24Cr32355GPh s 10 14 Cespalizz 24Cr32,3SGRey 05
4 4 Cealiz2r2,3S®Ago0s 7 13 Ceszslizz2fCra3 P hos 10 15 Cesa3lizz2fCr33Reyos
4 5 Cesalisz24ra3Ado,os 7 14 CeglisgoflroTMsPthos 10 16 CegTisgoflrol MsRey 05
4 6 CaglisggelrolmsAgoos 7 15 CeglisgoflroGsPthos 11 2 CaglisgofCroGkRey o5
4 7 CaglisgoelroGhAgoos 7 16 CeiglisgofCroSaPh o5 11 3 CeaglisgolroSauRey o5
4 8 CaglisgelreSeAdoos 8 1 CaglisgofCroSisPth s 11 4 CeaglisgofCr9SisRey 05
4 9 Caglisgefr0SizZAgo,05 8 2 CeoligeflrzoPh,os 11 5 CeoliagefCroRen 05

4 10 CexpTlisgeCr30Ado,05 8 3 CeTizgoCroBisPth o5 11 6 CeTizseroBizRey o5

4 11 CeTizgoCroBizAgo,o0s 8 4 CaTizgoCroMgsPhos 11 7 CeTizgeLroMgsRey 05
4 12 CeyTizg,94CroMgsAgo,05 8 5 CeazalizzofLr3VaPthor 11 8  Cepalizz2fra23VaRey o1
4 13 CeypaliznoLra23VaAgoor 8 6  CezalizpoflrapdnsPthor 11 9 Cepalize 2fCra2 dNsRey 01
4 14 CespalizeoLra2dnzAgoor 8 7  Cezalizg ol HfzPhor 11 10 CespsTize 2fCrs2 HfzRe 01
5 3 CealiznoLraaHfzAdoor 8 8  Ceoalizg o flr2sSGPhor 11 11 Cespalizg 2dfCra2 5SGRey 01
5 4 Ceslizn LrSeAgoor 8 9  Casaliss2dCrzPh o1 11 12 Cesa3alizzdCra3Rey o1
5 5 Cezgalizz2dCr33Ado,01 8 10 CeglisgolreTmsPthor 11 13 Ceglisgodlrel MRy 01
5 6 CaglisgodllgTmsAgoor 8 11 CeiolisgodllleGhPthor 11 14 CeiolisgodCr9GhR ey 01
5 7 CaglisgolloGsAgoor 8 12 CeolisgofleS®Phor 11 15 CeglisgodroS&Rey 01
5 8 CaglisgoloS®BAGoor 8 13 CeigliagodroSisPth 01 11 16 Ceglisgodll9SisRey 01
5 9 Caglisgodr0SisAgo,01 8 14 Cexplig,edrz0Pth 01 12 2 Ceollisgodlr30Ren 01

5 10 Cexoliagodr30Ad0,01 8 15 CeyTizgodlroBisPth o1 12 3 CeaTizgeLreBizRey o1

5 11 CeTizgeLreBizAgo,01 8 16 CeyTizgodlroMgsPh 01 12 4 CeTizgodlroMgsRey 01
5 12 CeTizeelreMgzAdo,01 9 2 Cealizz2frVaPloos 12 5  Cespalizz 240323V 3R o5
5 13 CespalizofCrapaValroes 9 3 CeoalizgoflradNsPlhos 12 6 Cespaliz 24032 dN3RMy o5
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12 7 CepalizCra HfsRhpos 13 14 CeyTizg oflreBisRM 01 15 10 CegTisgodlr0GkRUy 01
12 8 Cepaliz2r23S5@RN s 13 15 CeyTizg odreMgzRMp 01 15 11 CegTlisgodlr0SGR U, 01
12 9 Ce33alizz24Cras Rhoos 14 3 CepgalizfCrp V3R es 15 12 CeglisgodlreSiERU 01
12 10 CeglisgoflrooTmMsRos 14 4  Cepalizz2fCr323dN3RWpos 15 13 Cexolisg,0dCr30RUo,01
12 11 CeolisgoflrodGhRpos 14 5  Cepalizz2fCrs HfsRWes 15 14 CeyTizgodlroBisRUg 01
12 12 CeolisgoflreS@RNos 14 6  Cepaliz2fCr235GRWoes 16 5 CeTizgedlroMgaRUp 01
12 13 Ceyglisgeflr0SiERMy 05 14 7 Cesgalizs24Cr3RUo s 16 6 Ce3alizzLra33
12 14 CexTlisg,0Cr3oRMo,05 14 8 CaolisgollrglMRWos 16 7  CeqliseCrao
12 15 CeyTizgefCroBisRhy o5 14 9 CaolisgollrgGhRUes 16 8 CenaliznLCrnaVs
13 3 CeTizgoeCroMgsRhy 05 14 10 CeolisgofllroSEGRWos 16 9  CepalizzLrzdNns
13 4 CepaliznoLrVaRhpor 14 11 CeiglisgofCreSiRWp 05 16 10 Ces3liz L3 Hf3
13 5 CepalizzoLr23dnzRhoor 14 12 Cexolisg,0fCr30RUo,05 16 11 Ces3lizeLr23SG
13 6 CQz,gTi32,2gpr32,3l‘|f3R|’b,01 14 13 CQ)Ti78,9£rgBi3RUo,05 16 12 CQ)Ti79CI’gBi3
13 7 Cepalizfr2,3S@Roo1 14 14 CeyTizg oCreMgsR Uy 05 17 6 CeTi;eCroMgs
13 8 Cepsalizz2LrazRhoo1 15 Cepalizpofr2aVaRUgor 17 7 CeaglisgCraglms

9

4
13 CaglisggolllaTmsRho1r 15 5 Cepalizz2fra2dNsRpor 17 8  CeaglisgCragGas
13 10 CeglisgolrdGhRpo1 15 6  Cepalisrofr HfsRUe1r 17 9 CagliagCreSa
13 11 CelisgofeSGRor 15 7  Cepalize2fr2sS@RWoe1 17 10 CeroliagCragSia
13 12 CelgTi48,ggpr298i3R|’b,01 15 8 CQ3,3Ti33,2£r33,ﬁLb,01 17 11 Pt/Rh/A'zOg
13 13 Ceoni4gyg£r30R|’b,01 15 9 CQ_gTi48,9gCr29Tm3RLb101 17 12 Blank

Table 6-15 Library 14 filling plan

127



Chapter 6 Appendix
X Y Catalyst X Y Catalyst X Y Catalyst

1 6 CalCrsooAlupor 5 14 Blank 9 4  TaLCrszdroos
1 7 Blank 5 15 132,4£r37ygAu0101 9 5 Blank

1 8 CaCrso9Agoor 6 2 Blank 9 6 Tg24Cr37Pthos
1 9 Blank 6 3 Blank 9 7 Blank

1 10 CaoCrsg,9dro,01 6 4 Blank 9 8 TeaLr7Phos
1 11 Blank 6 5 Blank 9 9 Blank

1 12 CeCrsgofhor 6 6  Blank 9 10  TBb.aLCrs7, Ry s
2 5 Blank 6 7 Blank 9 11 Blank

2 6 Blank 6 8 Blank 9 12 Ti52,45Cr37,5be,05
2 7 Blank 6 9 Blank 9 13 Blank

2 8 Blank 6 10 Blank 9 14 44437 Rup s
2 9 Blank 6 11 Blank 9 15 Blank

2 10 Blank 6 12 Blank 9 16 Blank

2 11 Blank 6 13 Blank 10 1 Blank

2 12 Blank 6 14 Blank 10 2 Blank

3 4 CQoCF59,9gPT0101 6 15 Blank 10 3 Blank

3 5 Blank 7 2 sz,4g£r37,5Ago,01 10 4 Blank

3 6 CQoCI'59,9gRQ),01 7 3 Blank 10 5 Blank

3 7 Blank 7 4 sz,4g£r37,gl lo,01 10 6 Blank

3 8 CQoCI'59,9gR|’b,01 7 5 Blank 10 7 Blank

3 9 Blank 7 6 ng,4gCr37,d3cb,01 10 8 Blank

3 10 Cror59,9gRLb101 7 7 Blank 10 9 Blank

3 11 Blank 7 8 -Hz,4g£r37,§31b,01 10 10 Blank

3 12 CQoCF59,956\U0105 7 9 Blank 10 11 Blank

3 13 Blank 7 10 TEbaLlrsrReyor 10 12 Blank

3 14 Cror59,956\goyo5 7 11 Blank 10 13 Blank

4 3 Blank 7 12 -Hz,4g£r37,d?h),01 10 14 Blank

4 4 Blank 7 13 Blank 10 15 Blank

4 5 Blank 7 14 -Hz,4g£r37,d?l.b,01 10 16 Blank

4 6 Blank 7 15 Blank 11 2 Blank

4 7 Blank 7 16 -Hz,4£r37,5AU0,05 11 3 Blank

4 8 Blank 8 1 Blank 11 4 Blank

4 9 Blank 8 2 Blank 11 5 Blank

4 10 Blank 8 3 Blank 11 6 Blank

4 11 Blank 8 4 Blank 11 7 Blank

4 12 Blank 8 5 Blank 11 8 Blank

4 13 Blank 8 6 Blank 11 9 Blank

4 14 Blank 8 7 Blank 11 10 Blank

5 3 Ce,ocr59,95]ro,05 8 8 Blank 11 11 Blank

5 4 Blank 8 9 Blank 11 12 Blank

5 5 CQoCI'59,95Pd),o5 8 10 Blank 11 13 Blank

5 6 Blank 8 11 Blank 11 14 Blank

5 7 CQoCI'59,95PTo’o5 8 12 Blank 11 15 Blank

5 8 Blank 8 13 Blank 11 16 Blank

5 9 CQoCI'59,95RQ),05 8 14 Blank 12 2 Blank

5 10 Blank 8 15 Blank 12 3 Blank

5 11 Cror59,95R|’byo5 8 16 Blank 12 4 Blank

5 12 Blank 9 2 -Hz,4£r37,5Ago,05 12 5 Blank

5 13 CQoCF59,95Rono5 9 3 Blank 12 6 Blank
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X Y Catalyst X Y Catalyst X Y Catalyst
12 7 Blank 13 14 Blank 15 10 Blank
12 8 Blank 13 15 Blank 15 11 Blank
12 9 Blank 14 3 Blank 15 12 Blank
12 10 Blank 14 4 Blank 15 13 Blank
12 11 Blank 14 5 Blank 15 14 Blank
12 12 Blank 14 6 Blank 16 5 Blank
12 13 Blank 14 7 Blank 16 6 Blank

12 14 Blank 14 8 Blank 16 7 Blank
12 15 Blank 14 9 Blank 16 8 Blank
13 3 Blank 14 10 Blank 16 9 Blank
13 4 Blank 14 11 Blank 16 10 Blank
13 5 Blank 14 12 Blank 16 11 Blank
13 6 Blank 14 13 Blank 16 12 Blank
13 7 Blank 14 14 Blank 17 6 Blank
13 8 Blank 15 4 Blank 17 7 Geli49CreSE
13 9 Blank 15 5 CeCreo 17 8 Blank

13 10 Blank 15 6 Blank 17 9 G i50Cr30
13 11 Blank 15 7 Tdo,Cr375 17 10 Blank

13 12 Blank 15 8 Blank 17 11 Pt/Rhi&s
13 13 Blank 15 9 Blank 17 12 Blank

Table 6-16 Library 15 filling plan
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X Y Catalyst X Y Catalyst X Y Catalyst

1 6 Ti42,5Cr37,5AI 20 5 14 Blank 9 4 -|(-5i2,5Cﬁ7,5SQO
1 7 Blank 5 15 132,5Cr17,5AI 20 9 5 Blank

1 8 Ti42,5Cr37,d3i20 6 2 Blank 9 6 'I82,5Cr17,58i20
1 9 Blank 6 3 ngg,5Cr37,5V3 9 7 Blank

1 10 Tiy2 5Cr37,5Cex0 6 4 Blank 9 8  T42Cr755m0
1 11 Blank 6 5 Blank 9 9 Blank

1 12 Tiy25Cr37,DYo20 6 6  TkoCrs7sZNng 9 10  Ti2Cri7,5TMyo
2 5 Blank 6 7 Blank 9 11 Blank

2 6 Ti59,5Cr37,d\/|g3 6 8 Blank 9 12 Ti52,5Cr17,5V20
2 7 Blank 6 9 Blank 9 13 Blank

2 8 Blank 6 10 Blank 9 14 FELr757Nno0
2 9 Thsg Cr37 gVIN3 6 11 Blank 9 15 Blank

2 10 Blank 6 12 Blank 9 16  FHiCr7 Al
2 11 Blank 6 13 Blank 10 1 Blank

2 12 Tho £Cr37 55G 6 14 Blank 10 2 Blank

3 4 T2 Cr37 §Gho 6 15 Blank 10 3 Blank

3 5 Blank 7 2 Td.2,£r17,d3i20 10 4 Blank

3 6 Ti42,5Cr37,5Hf20 7 3 Blank 10 5 Blank

3 7 Blank 7 4 TgLn7Lexpn 10 6 Blank

3 8 Th25Crs7 dN2o 7 5 Blank 10 7 Blank

3 9 Blank 7 6  TgLrnzPyy 10 8 Blank

3 10 Th2,5Cr37 MQ20 7 7 Blank 10 9 Blank

3 11 Blank 7 8 TLn7Gdpy 10 10 Blank

3 12 Th2,5Cr37 Mno 7 9 Blank 10 11 Blank

3 13 Blank 7 10 b7 Hf0 10 12 Blank

3 14 Th2,5Cr37 5560 7 11 Blank 10 13 Blank

4 3 Blank 7 12  TgLr7dNng 10 14 Blank

4 4 T Cr37 556 7 13 Blank 10 15 Blank

4 5 Blank 7 14 TeLnzMg 10 16 Blank

4 6 Blank 7 15 Blank 11 2 94Cr27 Bizo
4 7 Ti59,5Cr37,5Si3 7 16 T't;g,5Cr17,d\/|n20 11 3 Blank

4 8 Blank 8 1 Blank 11 4 44Cr7 Cexp
4 9 Blank 8 2 Blank 11 5 Blank

4 10 Tg9,5Cr37,5Sr3 8 3 Blank 11 6 T5i2,5CI'2715Dy20
4 11 Blank 8 4 Blank 11 7 Blank

4 12 Blank 8 5 Blank 11 8 94Cr27 §Gho
4 13 Tho £Cr375TMg 8 6 Blank 11 9 Blank

4 14 Blank 8 7 Blank 11 10 L7 Hfyp
5 3 T2 Cr37 5560 8 8 Blank 11 11 Blank

5 4 Blank 8 9 Blank 11 12 JFHALr74dNn%0
5 5 Ti42,5Cr37,5Si20 8 10 Blank 11 13 Blank

5 6 Blank 8 11 Blank 11 14  FHiCr79Mg20
5 7 T2 5Cr37 550 8 12 Blank 11 15 Blank

5 8 Blank 8 13 Blank 11 16 FHiCr7gVinyg
5 9 Ti42,5Cr37,5Tm20 8 14 Blank 12 2 Blank

5 10 Blank 8 15 Blank 12 3 Blank

5 11 T-LL215CF37,5V20 8 16 Blank 12 4 Blank

5 12 Blank 9 2  TLn7s5560 12 5 Blank

5 13 Tho 5Cr37. 570 9 3 Blank 12 6 Blank
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X Y Catalyst X Y Catalyst X Y Catalyst
12 7 Blank 13 14 Blank 15 10 dJdLCrz7Pys
12 8 Blank 13 15 Blank 15 11 Blank

12 9 Blank 14 3 Blank 15 12 34Cr37 G0
12 10 Blank 14 4 Blank 15 13 Blank

12 11 Blank 14 5 Blank 15 14 J4LCrz7 Hf3
12 12 Blank 14 6 Blank 16 5 Blank

12 13 Blank 14 7 Blank 16 6 Blank

12 14 Blank 14 8 Blank 16 7 Blank

12 15 Blank 14 9 Blank 16 8 Blank

13 3 Ti52,5Cr27,5Sc20 14 10 Blank 16 9 Blank

13 4 Blank 14 11 Blank 16 10 Blank

13 5 Tis2 Cl7 5560 14 12 Blank 16 11 Blank

13 6 Blank 14 13 Blank 16 12 Blank

13 7 Ti52,5Cr27,5Si20 14 14 Blank 17 6 '55,5Cr37,5ln3
13 8 Blank 15 4 TdoLCrz7Al3 17 7 Blank

13 9 Ti52,5Cr27,5Sr20 15 5 Blank 17 8 Pt/Rh/é@g
13 10 Blank 15 6  TdoCrz7 Bis 17 9 Blank

13 11 Ti52,5Cr27,5Tm20 15 7 Blank 17 10 Q@Ti5ocr30
13 12 Blank 15 8 TgoLr7Le 17 11 Blank

13 13 Ti52,5Cr27,5V20 15 9 Blank 17 12 'Eig,5Cr37,5
Table 6-17 Library 16 filling plan
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