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Abstract

The Diesel Oxidation Catalyst (DOC) is a key component in the exhaust after
treatment system of diesel engines. In this study two aspea®OIC were investigated:
catalyst distribution anteactanspecies interactions. In the first part, the effect of an axial Pt
distribution along a DOC was investigated by comparing a stansample, with a
homogeneous Pt distribution along the lengthh a zoned sample, where the Pt wast
homogeneously distsutedalong the lengthTemperaturgorogrammed oxidation (TPO) and
spatiallyresolvedgasphase concentration measuremexperiments were used to compare
the CO, GHs and NO oxidationperformance ofthe standard and zoned catalysBoth
catalyst types lhthesame total amount of Pt but different distributions. The zoned catalyst,
with more Pt locatedh the upstream portion, showed better performance than theasdand
catalyst, especially dtigh total flow rate anevhen amixture ofthe reactants weresad The
superior performance of the zoned sample is due to a larger, locakogidermin the
upstreamregion where more Pt is locatednd a decreasan the selfpoisoning effect
downstream, where reaction lighff occurs In addition, catalyst durdiiy against thermal
degradation wastested by exposing the whole catalyst (homogeneous aging) and part of the
catalyst (heterogeneous aging) to high temperatures. In geterabned catalyst showed
better performance than the standard catalyst aftermtil aging, especiallyafter
heterogeneous aging. The reason for the superior performantiee afoned catalyst,
especially after heterogeneoaging is that the back of the catalyst, which is exposed to
higher temperature, conte lessPt than thefront; thereforemost of the Pt particles in the

zoned catalyst were not affected by thermal agthmvever, after homogeneous aging, the



performance of the standard catalyst was better than the zoned catalyst at higher flow rate
and temperaturmost likdy due to the different sintering rates in the zoned sample compared
to thestandard one.

In the second part of this research, the interastomtween CO, ¢Hs, Hz, and NO
were tested oves commercial Pt/AlO; monolith sample by studying these reactialuring
ignition and extinctionwarmup and cocldown) Resultsshowed that CO, 4Es, and NO
inhibit their own oxidati on apoisonirg &fte¢tandt her 0s
competitive adsorption over active sites. In the caseQ@D + GHg mixture, interesting CO
and GHs oxidation trends were observed during the extinction phase.th&s C3Hs
concentration increased in the mixture, the catalytic activity of CO oxidation during the
extinction phaselecreased until it was actually peothan that during the ignition phase. In
situ diffuse reflectance infrared Fourier transform spectroscopy (D& IEfloweddifferent
CsHg oxidation intermediatesluring the extinction phasen the catalyst surface, thus

blocking active sites and loweringtabyst activity.



Acknowledgements

All the praises are due to the ALLAH, the One, the Creator, All Mighty, the Most Beneficent

and Most Merciful.

First and foremost, | would like to express my deep appreciation and thanks to my academic
supervisor DrWilliam S. Epling for his valuable guidance, support, and kindness. He has taught me,
both intentionally and unintentionally, patience, enthusiasm, dedication, and hard work. Thank you
Bill for your amazing supervision and all your contributions of tildeas, and funding during my

PhD studies. | simply could not wish for a better or friendlier supervisor.

| would like to thank other memberd my thesis committee: Dr. Eric Croiset, Dr. Joao

Soares, DrElizabeth Weckman, aridr. Gregory S. Patience.

I am thankful to all my friends in for their support and encouragements. They have been like
a family to me in Waterloo. | am also grateful to my colleagues in the catalysis research group:
Meshari, Darren, Karishma, April, John, Peter, Crystle, Harry, llmmb®uad, Ashraf, and Zuhair.

Special thanks to the Gap students who worked with me: Drew, Rohit, Roger, and Melanie.

Deep affection is due especially to my parents for their continuous support, encouragement,
prayers, and having trust in me. | owg success to my mother, who shared with me all good and
bad moments during my study. She is the one who carried the heaviest burden and to that | am very
grateful. 1 would like to thank my brothers, Abdullah and Mohammed, and my sisters, Mariam and

Fatima,for their support and encouragements throughout my study.

Lastly, I would like to gratefully acknowledge Canadian Automotive Research and
Development Program, Auto21, for their financial support and giving me the chance to present my

work in their annual conference, where | met the leaders of automotive ingu€apada. | was also



honored to receive the International Doctoral Student Award (IDSA) during my PhD studies. Special

thanks to Umicore and University of Alberta for providing catalyst samples.

vi



Dedication

To my mother,

Zainab H. Akber

Vii



Table of Contents

AULNOI'S DECIAIALION. .....ceiieiiiiiiitieet et erer et e et eeeet e mmmr e e e e e e e e e e e e e e e eeeeeeees il.
Y 011 =T P iii
F o g 0T [=To [0 [=T 1 41T o | £ V.
D =T [To= 11T o F PP PPPPPPPPPPRRRON Y, |
Table Of CONENLS.......uuuiiiiiiii i iiireer e rre e e e e e e e s nsinnessssnneeeeessessssnsnnns M
IS A o) T [0 P Xi
LISt Of TADIES ...t e e e e e e e e e e e Xiv
(O gF=T o] (=1 g Al [ 10 o [1 Tod o o PSP 1
1.1 Automobiles and POIULION............uuiiiiiiiie et rmmne e 1
1.1.1 Health Impacts of Diesel EMISSIONS...........c.oooiiiiiiiieeecces s 2
1.1.2 Environmental Impacts of Diesel EMISSIONS............coovvvviviieemiiieiiie e, 4

1.2 Standards and ReQUIALIONS. ..........uuuiiiiiiie i rmmne e 4
1.3 DieSel TECNNOIOGIES. ....eeeiiieiiiiiiiiii e ieeet ettt eeer e e e e e e sennr e e e e e e e e e aanns 5
1.4 CatalySt OPtMIZATION. .....cciiiiiiiiiiiiiie et eeeer e e e e e e e e e s emereeeeeeeeaans 7
1.5 OB ECHIVES. ..ttt ettt e et e e ettt e e e e e e e et e e e e e e e b nnna e e et e e e e e e e e raneas 8
I G I @ 1 010 11 T 1SS RRPRR 8
Chapter 2 : LILErature REVIEWL.........uuuiiiieieiiiisicmee sttt e e e e e em e e e e e e e e e e s s s n e e snnneee s 10
2.1 Diesel Oxidation CatalySt (DOC).........uuutiiieeeiiiiieeeraiiie et eees e e e e e e 10
2.1.1 DOC BaCKQIOUNG......cceiiiiiiiiiiiiii ettt eemt e e e e e e e e e e s ammme e e e e e 10
2.1.2 DOC REACHONS. ... uuuuuuuiiuiiises s st ee e ettt eeeeeeeeeeeeeaeesernessasasaasaaasaaaaaaseeeesemamssssssssssnnnes 10

2.2 Species INteractions iN DOC.......uuuuuiiiiiimme e eeee e e 11
2.3 AQING EffECES...cciiiiiiiieee et ——————— e e 16
2.3.1 Thermal Degradation...............ooiiiiiiiiieeci e emmmr e e e e e e e e e s re e e e nne e eas 16

2.4 CatalySt DESION....uvveiiiiiiiiiiiiiiiiii e e e e e e eeeeeeeeeeeeeee et e e eeaa e r— e ——————a———aa—————aaeeaeeeeeeaeeeeess 17
2.4.1 Monolithic Catalyst COMPOSItIONS...........ccoiviiiiiiiiieeeiee e 17
2.4.2 Catalyst PreparatiQl......... ..o iiieeeeee et eeeeeeeseseees s s s e e s s e s e e e e aaaeaaeeeeeameesennnenes 20
2.4.3 Optimization of Active Metal DiStribution.................uuiuiiiiieiiiee e, 23

AT 1A (=T TS I == o= AV [ 25
(O{gF=T o1 (=1 g Ieal 1Y/ 111 g To o (o] (oo Y/ ST 29
3.1 CatalySt Preparation.............ueeeeeeeeiiiice ettt rmmee s e e e e e e e e mnee s 29
3.2CatalySt PeITOIMEANCE.......cii ittt e et e e e smme e e e e e e e 33



3.2.1 Temperature Programmed Oxidation (TPO) Experiments.............c.ceooveeeevvrnnnnnnnn 33

3.2.2Spatially Resolved Capillarinlet Mass Spectrometry (SpaciMS) Experiments........ 36
3.3 CatAlYSt AQING ...eeeeieeeiiiiiiiie i rrer e e e e e e e e e e e e e e e e e e e e e erre i ———————————————————aaaaaaaaaaaaaaaaees 37
Chapter 4 : Improved CO, Hydrocarbon and NO Oxidation Performance UsingZoated Rt
BaSed CatalySISX . ... ...ttt e e e e e e e e 40
g Y 01 = T 40
2 | 1 1 o T U Tod 1[0} o T 41
4.3 EXPErimMENtaPrOCEAUIES. ...ttt a e e e e e ammne e 43
4.4 RESUILS N0 DISCUSSION. . .cciiiiiiii i e e e ettt rrne e e e eeeaeeaaaeaaaaaaaeeeeanansennnnnnnes 46
I O @ 2 @ ) (o = L4 o) o 1SRRI 46
N @ o P @ )T - o o RS PPSPRRRY” L
7 T NN (@ 2@ Do = 4o ) o OO 51
4.4.4 Oxidation of GHg and NO as @ MiXIUIB..........eeiiiiiiiiiiiieie e e eeaa 53
4.4.5 Spatially Resolved EXPEIMENLS.....cccoiiii it rrer e e e e e e e B85
4.5 CONCIUSIONS ...ttt et e e e e e e e s rmmee e e s s bbb et e e e e e e e e e s s rmnne s e s sbbbbeeeeeeeeeeeaanns 60
4.6 ACKNOWIEAGMENLS.. ..o rrer e e e e e e e e e e e e e e e e e e e e e e s eaan s e aananaaananns 60
Chapter 5 : Investigation of Thermal Degradation on the Performance ofCt@ted PBased
LOF ) 7= 1S £ 61
ST Y 01 = (o P PPRURRSR 61
E 02 [ 11 e Yo [ Tox 1o o PSRRI 62
5.3 EXperimental Pr&IIUIES..........uuuuuiiiiiiiie ettt eeeee s s s e e e s e e e e e e e e smmmreeeees 65
5.4 RESUILS @Nd DISCUSSION. ... ..uuuiiiiiiieeeiiiiieee s ettt e e e e e e e s s imnns s e eeeeeeeeasnnsnnesannneeees 66
ST 00 R 1@ I @ ) (o = 11T 66
N @ o P @ ) d [ =\ 10 ] TR 72
I G (@ I @ ) o = 11T o SRR 4 o
5.4.4 Oxidation of gHgand NO iN @ MIXIUIE.........cocuuiiiiiii e 78
T O o] g T 11 1= o o L= 81
Chapter 6 : The Effect of COHCsHe, and NO on the Oxidation of Each Other over-bded
Diesel OXidation CatalyST..........c.uuuiiiiiiiie i e e e e e s rmmne e eeee s 83
L0 A 1] = Lo PSPPI 83
L0228 111 (0o [T £ o TP 83
6.3 EXperimental PrOCEAULES...... ... ettt eeeee e a e e e 84



0.4 RESUILS AN DISCUSSIOD ... ceeuiereeieteietieeeeesteesteesaseessessaerresreearere e e aenre e 35

ST R O @ @ ) (o =1 110 o 85
ST @ o P @ ) ([0 F= 1 £ [0 1R 87
5.5 CONCIUSIONS. ... eeet ettt ettt ee et e et e et e et ettt et seaemt et e eanteean s e ean s e eet s annmetreesnreesnreernreennee a1l

............................................................................................................................................... a3
00 T o 1] 1 = (o P 93
4728 111 0T [T £ SRR a3
7.3 EXperimental PrOCEUUIES...........c..uiiiiiiii ettt e e e e e smmne e 96
7.4 ReSUItS and DISCUSSIQN.........cceiieeeeeee e e e ettt memeeeeeeeeeeaaeeaaeeeeeeeesennnsnnnnnnns 97

A R O @ I @ ([ - 1o o T RERPR 97
7.4.2 CO + GHg OXIAALION.....ciiieeiiiiiiiiiiii e ceeeee e e e et e s et e e e e e e e s s e e e e e s emmraaeens 99
7.5 DRIFT SPECIIOSCORY. ..o ittt eeieeeeeee e e et eeet e e e e e e e e e e e e e e e e annns e ans 102
7.6 CONCIUSIONS. ....eeiiiieeeee ittt eeeete ettt e e e e e e e st enab et e e e e e e e e s s nnbb b b e et emnse e e e aaeeeeeeannnnbeneees 106
Chapter 8 : Conclusions and RecoOmMmENdationNS.........ccceiiiiiiiicccriieeeeeeeeeeeeeeeeeeeevee e 107
8.1 CONCIUSIONS. ....eeeiiieeeeeieiitiiteieett ettt et e e e e e st eent et e e e e e e e e s e snbb s b e e e emnsaeeeeaeeeeeeennnssennees 107
8.2 RECOMMENALIONS ...t et e et e e e e e e e e s rmmne e e s nnbr e 108
Appendix A StatistiCal ANAIYSIS...........oooiiiiiiiieeeeeeec e ———— 110
APPENIX B AULO2L DALA.........ceiiiiiiiiiiiiiiiiieee e e e e e e e e e e e e e e e e e e e e e eeeet bbb mmme e e e e e aeeaeaes 117
APPENAIX C PEIMISSIONS. ... uutiiuiieieees e et ime ettt e eeeeeeeeeesseessss e rrraseaaaaeaaaaaaaaaaaaseeeanassssssennrennnes 122

S (=T =] o =P PPEPUPR PSR 128



List of Figures
Figure X1 : NSR operating cycle (source: www.dieSelnet.Cam)...........ceuveveerriiccceeeiiiiiiiieeeeenn 6
Figure 21: Honeycomb monolithic catalyst converter [7.3]..........ccovieeiiiiiiicconiiieeee e 18
Figure 22 : Axial section of Ni impregnated monoliths obtained by (A) oven drying, (B) room
temperature drying and (C) microwave drying followed by calamadit 550°C [92].................... 22
Figure 31: Monolith samples with uniform and nomiform catalyst distribution....................... 31

Figure 32: Monolithic sample before impregnating (white) and after impregnating (black) with the

oo AV 0= - | PP PUPPT PRI 32

Figure 33: H, Chemisorption ProtOCaL............. i eee s e e e 33

Figure 34: Flow diagram of the tubular reactor SYSteM.............uuuuiuiiiiicrneeeeeeee e eees 34

Figure 35: Furnace portion of the tube reactor system, wilOC catalyst inserted.................. 35

Figure 36 : SpPacCiMS CONfIQUIAtION. .....ccccoiiiiei e e e e e e e e e e e e e e e e e e e e e e anens 37

Figure 37 : Temperature data at different locations of the standard sample during heterogeneous

= T [T 39

Figure 38 : Temperature data at different locations of the zoned sample during heterogeneous aging
............................................................................................................................................... 39

Figure 41: Diagram of the monolith rEaCION..............cooriiiiee e a4

Figure 42 : CO conversion as a function of temperature. The feed gas consisted of 1000 ppm CO,
10% Q, 5% CQ, 5% HO, balanced With N..........ccccceeiiiiiiiii im0 A8

Figure 43 : Temperature rise at 2 cm from the inlet of the catalyst relative to the inlet temperature as
a function of CO conversion at a feed flow rate ®1L2min with the inlet conditions as listed in

FIQUIE 2. .ottt e oo ettt et e e e e e s ammme e e e e et e e e e e e e e e amnne e e 48
Figure 44: C;Hg conversion as a function of temperature. The iggest consisted of 1000 ppmH,
10% Q, 5% CQ, 5% HO, balanced With Bl.........c.oiieeiee e 50

Figure 45: Temperature rise at 2 cm from the irdéthe catalyst, relative to the inlet, as a function

of C3Hg conversion at 28 L/min with the inlet gas described in Figefe 4.......cccoeeeiiiiiiiiiiicenen. 50
Figure 46 : NO conversion as a function of temperature. The inlet gas consisted of 200 ppm NO,
10% Q, 5% CQ, 5% HO, balanced With Bl............cceeiiiiiiiiiieeeece e e 52
Figure 47: Temperature rise at 2 cm from the front of the catalyst, relative to the inlet, as a function
of NO conversion at 28 L/min with thel@t gas described in Figureb4............ooovvvvviiiiiiiiieennnnn. 52
Figure 48: GHe conversion as a function of temperature. The inlet gas consisted of 10@HgmM

200 ppm NO, 10% ©5% CQ, 5% HO, balanced with N.............coooriiiiiiee e, 54
Xi



Figure 49: NO conversion as a function of temperature. The inlet gas consisted of 100QHyym C

200 ppm NO, 10% ©5% CQ, 5% HO, balanced With N ...........ccccccviiiiiiiiine e, 55

Figure 410: GH, concentration as a function of position at 2€0measured using SpaciMS. The

inlet gas consisted of 1000 pprgHg, 200 ppm NO, 100 ppm He, 10%,8% HO, balanced with
PRSPPI 57

Figure 411: NGO, concentration as a function of position at 2€0measured using SpaciMS. The

inlet gas conditions are described in FIGQUHEDA..........coooiiiiiiiiie e ee e 58

Figure 412: GHg concentration as a function of position at 270C measured using SpaciMS. The inlet
gas consisted of 1000 ppmHg, 200 ppn NO, 100 ppm He, 10% 5% HO, balanced with N. 59

Figure 413: NGO, concentration as a function of position at 2Z0measured using SpaciMS. The

inlet conditions are described iN FIQUFALZ................uuuiiiiiiimmee e eee e 59

Figure 51: CO conversion as a function of temperatafter homogeneous and heterogeneous aging.
The feed gas consisted of 1000 ppm CO, 1096@ CQ, 5% HO, balanced with Nat 10 L/min67

Figure 52: CO conversion as a function of temperature after homogeneous and heterogeneous aging.
The feed gas consisted of 1000 ppm CO, 1096@ CQ, 5% HO, balanced with Nat 28 L/min68

Figure 53: GHe conversion as a function of temperature after homogeneous and heterogeneous
aging. The feed gas consisted of 1000 ppisCL0% Q, 5% CQ, 5% HO, balanced witiN, at 10

Figure 54: GHg conversion as a function of temperature after homogeneous and heterogeneous
aging. The feedas consisted of 1000 ppmHE, 10% Q, 5% CQ, 5% HO, balanced with Nat 28

Figure 55: NO conversion as a function teimperature after homogeneous and heterogeneous aging.
The feed gas consisted of 200 ppm NO, 10%6@ CQ, 5% HO, balanced with Nat 10 L/min. 76

Figure 56: NO conversion as a function of temperature after homogeneous and heterogeneous aging.
The feed gas consisted of 200 ppm NO, 10%6@% CQ, 5% HO, balanced with Nat 28 L/min. 76

Figure 57: GHg conversion as a function of temperature after homogeneous and heterogeneous
aging. The feed gas consisted of 1000 ppisC200 ppm NO, 10% £5% CQ, 5% H,O, balanced

AT L E TN = L O I I 1 TR 79

Figure 58: NO conversion as a function of temperature after homogeneous and hetarsgaieg.

The feed gas consisted of 1000 ppghi& 200 ppm NO, 10% £5% CQ, 5% HO, balanced with

N DR= L O I 1 1] T 79

Xii



Figure 59: C3Hg conversion as a function of temperature after homogeneous and heterogeneous
aging. The feed gas consisted of 1000 ppisC200 ppm NO, 10% £5% CQ, 5% HO, balanced
VYL = L < T L T TR 80
Figure 510: NO conversion as a function of temperature after homogeneous and heterogeneous
aging. The feed gas consisted of 1000 ppisC200 ppm NO, 10% £5% CQ, 5% HO, balanced

WItH No @t 28 L/MIN ettt ettt e e e e e e e et e e e e s bt e e e s ssaeeeearneeeesd 380
Figure 61: CO conversion as a function of temperature with different CO aedritentrations in
TNE FEEOA. .. et e e e e e e 86

Figure 62: CO conversion as a function of temperature with different inlet gas compositian 87
Figure 63: GHs conversion as a function of temperature with differejits€oncentrations in the

{10 P 89
Figure 64: GHe and CO conversions as a function of temperature with 250 ppiga@d different
CO and H concentrations iNE FEEA...........uuiiiiiii e et e e e e eaaa s 90

Figure 65: GHg and NO conversions as a function of temperature with 500 ppipadd different

NO concentrations iN the fEEA..........ooi i 90
Figure 66: C;Hg conversion as a function of temperature with and without G@nd NO added91
Figure #1: Temperaturggrogrammed CO oxidation with the following inlet conditions: 1000 ppm or
500 ppm CO, 10%i,0, 10% CQ, and 10% @over a Pt/AJO; monolith...........ccccoeeeiiiiiiiiiicaeenn. 99
Figure #2: Temperaturgorogrammed oxidation of CO4Hg mixture at the fdbwing inlet

conditions: 1000ppm CO, 10%8, 10% CQ, 10% Q, with different amounts of {Eis over the
(A PO 4 o] (o 111 o T 101
Figure #3: Temperaturggrogrammed oxidation of CO§Hs mixture at the following inlet

conditions: 1000ppm CO, 10%8, 10% CQ, 10% Q, and different amourdf C;Hg over a

VAN P @ N 10 T 111 T 102
Figure 74: DRIFTS spectra recorded during ignition and extinction phases at different staizd
temperatures with 1000 ppm CO and (A) 0 ppsHd&and (B) 600 ppm HHe. .oovvveeeeiiiiiiiiiiienenen. 105

Xiii



List of Tables

Table :1 : Typical emissions of dieSel ENGINE..........coiiiiiiiiiiiier e 2
Table 12 : Biological impacts of diesel emission COMPONENES........cccoeeeeeiiiiiicccereeeeeeeeeeeeeeeeee 3
Tablel-3 : Environmental impacts of diesel exhaust COMPONENLS...........covvvvvevvieeeiiiiiiiiiniennnnn 4
Table 14 : Emissions requirements for headwyty diesel vehicles, gll-hr. ... 5
Table 21 : Comparison between Pt and Pd in DOC catalysSL............uuuviiiiccneieeeiieeeieeeeeeeee, 19
Table 31 : EXPEriMENTt MaATIiX.......uuuuuiiiiiiiiiiiiiiiimnmneeeeeeeeeeeeeeeeeeeeeeesesasernnrrnnnrannsann i n———eeeeeees 36
Table 41 : Experiment mMatriXOr TPO......c.ooviiiiiiiiiiiieeeer e eeeeate e 46
Table 51 : Tso of CO oxidation for the standard (STD) and zoned (Z) samples before and after
L0018 =T IF= Vo 1T PR PPPPRPPURN 67
Table 52 : Ty, of CsHg oxidation for the standard (STD) and zoned (Z) samples before and after
L0018 =T IF= Vo 1T PR PPPPRPPUPN 73
Table 53 : T;o of NO oxidation for the standard (STD) and zoned (Z) samples before and after
LU L=T g aT= U= Vo [T OO PP PP PPPPPPPR 75
Table 54 : Ty, of CsHg oxidation in GHg +NO mixture for the standard (STD) and zoned (Z) samples
before and after thermal............ooo oo e eee e 78
Table 55 : T;p of NO oxidation in C3H6 +NO mixture for the standard (STD) and zoned (Z) samples
before and after thermal............ooo oo eee e s 78
Table 61: CO lightoff temperatures & at different CO concentrations in the feed.................. 386
Table 62 : CO lightoff temperatures s at different feed gas compositions................ccccvvvienn. 86
Table 63 : C3H6 lightoff temperatures sp at different GHg concentrations in the feed............. 88
Table 64 : GHgs and NO lightoff temperatures & at different feed gas compositions............... 88
Table 65 : GHg light-off temperatures sf at different feed gas compositions.................vvvvennnd 89
Table 71 : CO and GHsg concentrations during TPO experimentS............c.vvvvvvevvieeneeieeeeeeeeennn. 97
Table 72 : Ignition and extinction &, CO oxidation values in a gas mixtureliuding 10% @, 10%
H,0, 10% CQ, balanced by Nat & GHSV 25,0007h .......ccocoviiieieeeeei e 98
Table 73: (Tignition - Textinction @t Ti20), T(s0), @nd Tgg), Of different inlet GHg concentrations, 1000
ppm CO, 10% @ 10% HO, 10% CQ, balanced Nat a GHSV 25,000h............ccccevevevrrvenne. 100

Table 74 Difference between back and front temperat
combhnation of CO and §Hg with 10% Q, 10% HO, 10% CQ, and balanced Nt a GHSV 25,000
B ettt h ettt anaie R s ettt n ettt 101

XV



Chapter 1: |l ntroducti on

One goal of this research is to optimize the performance of a diesel oxidation catalyst (DOC)
in terms of cold start emissions reduction and its resistantetmal degradation, by-distributing
the active metal along the catalyst length. Optimizing the distribution of the active metal will result in
a catalyst with higher efficiency and lower cost than the typical uniformly distributed catalyst used
today bythe aubmotive industries. In additigrthe interaction between different reactant species was
studied over a commercial Pt48l; catalyst, as a part of an Auto21 project and due to interesting
findings observed during the course of the research. Irirtielhapter a brief description of a DOC,
its function and effect on our health and environment, and the regulations and standards used to
control diesel emissions are presented. In the second chapter a literature review on DOC background,
reaction, prepation, degradation, and optimization is presented, to better understand the different
aspects related the goals of this study. Methodologies and experimental procedures used to test and
characterize the DOC are discussed in Chartieze. In ChapterBour andFive, the performance of
the uniformly and nomniformly distributed catalysts, before and after thermal degradation, are
shown respectively. The interact®ibetween CO, ¢Hg, and NO over a commercial Pt48); catalyst
are discused in ChapterSix. An unexpected trend in CO oxidation behavior was observed. In
ChapterSeven, this trend is described and the reasons for it demonstrated. Finatiypthesionsaand

recommendationsf this study are discussed in Chapiéght.

1.1 Automobiles and Pollution

Air quality in most urban areas is heavily affected by emissions pragsengevehicles and
heavyduty trucks. In the United States, cars, trucks, andradfl vehicles are estimated to be
responsible for about 50% of nationwide nitrogen oxidessons, about 460% of hydrocarbon
emissions, and 890% of CO emissions in urban argdk Diesel trucks and buses are widely used

for public transportation due to their superior fuel efficiency and durability. Diesel fuel is a mixture of
1



hydrocarbons that ideally should produce,@@d HO during combustion. In reality, howeyeliesel

engine emissions are a mixture of several components including CO, hydrocarbons (HC), nitrogen
oxides (NOx), and particulate matter (PM). These listed products are the major emission concerns in
terms of human health and environmental impact. iAelany diesel engines are the major source of
pollutants in urban areas. For example, diesel engines are a major soh@g iof California with

onroad vehicles contributing 18% and-offad diesels contributing 19% of the total emitd [2].

The U.S. Environmental Protection Agency (BBA) has reported that headyty trucks and buses
produce about onthird of NOy emissions and orguarter of particulate emissions from all highway
cars and trucks, even though they comprise only 2% of the total number of vehiclesaadthays

[3]. Table (-1) shows typical emissions of dgiesel engine without a cat#éily emissions control
system measured during a transient test cypgle To control diesel engine exhaust emissions,
scientists and engineers leagtleveloped many technologies. The health and environmental effects of
diesel emissions, the standards and regulations, and diesel technologies developed to reduce the effect

of diesel exhaust emissions are presented in the following section.

Table 1-1: Typical emissions of diesel engine

Emissions species Emissions, g/K\Wh

Carbon monoxide 1.77
Gaseous hydrocarbons 0.44

Oxides of nitrogen 6.31
Extractable particulate 0.037

1.1.1 Health Impacts of Diesel Emissions

Even though there is no consensus on the effect of diesel emissions on humans, several
organizations, such as the World Health Organization (WHO) and the International Agency for
Research on Cancer (IARC), have studied the health effects df elggee exhaust on human health

2



and found that diesel exhaust gas is a potential carcinogénrfwars [5]. According to WHO, many
epidemiologial studies onpeople who are exposed to diesel emissions, such as truck drivers and
railroad workers, showed that these people have a tendency to hav&08o 2tigher incidence of

lung cancef6]. Table (-2) lists the biological impact of some diesel emissions compofignts

Table 1-2 : Biological impacts of diesel emission components

Component Impact

Carbon monoxide highly toxic to humans; blocks oxygen uptake
Nitrogen oxides respiratory tract irritation, major ozone precursor
Sulfurdioxide respiratory tract irritation and contributes to acid rain

Particulate matter respiratory tract irritation and carcinogenic

In general, emissions of CO and HC from diesel engines are lower than those from gasoline
engines;however,CO, HC and NOy emissionsfrom diesel engines are higher than those from
gasoline engines equipped with a thvessy catalyst (TWC). When released into the atmosphere, NO
undergoes a series of reactions to form other substances of much higher toxicity as well as ground
level ozone. Most air pollution studies focus on the health and environmental effectgwifiibiOis
a product of NO and has higher toxicity than NO.

Diesel particulate matter (PM) emission is a major health conc&me of thePM is small
in size (010‘ mis the mean size), and theref@an penetrate deep into human lufjs According
to a study by the American Cancer Society, PM exposure damages the respiratory system and causes
a wide variety of medical problems such as asthma and possible asthma onset, heart attacks and
premature deatlji9]. Several health organizations hold PM responsible for various diseases and

consider PM as the most dangerous component in diesel engine emissions.



1.1.2 Environmental Impacts of Diesel Emissions

In addition to the health effects of diesel engine emissions, environmental agencies have
reported that diesel emissions contribute to various environmental problems such as air quality issues,
photochemical smog, acid rain, and global wiagn Table {-3) lists the environmental impact of

some diesel exhaust compon€iig]

Table 1-3 : Environmental impacts of diesel exhaust components

Component Impact

Carbon dioxide most common greenhouse gas
Nitrogen oxides  photochemical smog, acid rain, and destruction of stratospheric ozon

Particulate matter reduce atmospheric visibility, and contributes to global warming

CO, is one of the most abundant greenhouse gases and contributes to climate warming.
Diesel vehicles release lower g@missions than their gasoline counterpfttd. Similarly, black
carbon soot from diesel emissions can contribute to global warming due to its ability to absorb light

and heafl2].

1.2 Standards and Regulations

Governments have authorized regulatory agencies to control and limit known harmful
emissions. These agenciese responsible for legislation ¢tdws and standards for diesel engine
exhaust emissions, and force engimenufacturers to comply with these standards, which specify the
required emission limits. Regulated diesel emissions incheldallowing: PM,NOy, HCs, and CO
[1]. In recent years thestandard$avebecone increasinglystrict in order to reduce emissions and
improve air quality. Tablelf4) lists emission requirements for healyty diesel engines ithe US

and Canada from 2000 to 20[B-15|.



Table 1-4 : Emissions requirements for heavyduty diesel vehicles, g/KWhr.

United States

Year CO HC NOx PM
2004 20.8 0.67 3.35 0.13
2007 20.8 0.187 1.6 0.013
2010 20.8 0.187 0.26 0.013
Canada
Year CO HC NOx PM
2000 20.8 1.75 54 0.13
2005 19.3 HC + NO«=1.0 0.13
2010 19.3 0.187 0.26 0.013

With advanced aftetreatment technologies and engine design, modern diesel engines not
only meet the strict emission limits and standards, but also outperform in responsiveness and fuel

economy{1].

1.3 Diesel Technologies

Controlling diesel emissions by engine idesis not enough to meet the regulations. Catalytic
aftertreatment devices are required. However, more research is needed to integrate these after
treatment systems to meet the new standardsngmave the economics. The most promising after
treatmenteéchnologies to control diesel emissions include: (1) B@®) selective catalytic reduction
(SCR) catalysts, (3NOy storage and reduction (NSRatalysts, and (4) PM filters. DOCs provide
very effective control of CO and HC emissions, with conversioghdnithan 90% at eslust gas
temperatures above 30C [1]. NSR and SCR arngromising technologies to reduce N@missions

from diesel engines.



A typical NSR catalyst consists of axidizing component (Pt), a NGstorage component

(Ba), and a reducing component (Rh). The NSR system operates by switching between fuel lean and
rich phases. In the lean phase, which lasts for a few minN@g,is trapped on the catalyst by
bonding to the storage component. When the adsorption capacity becomes s#N@gisdeduced

to N, and released during the rich phaseregeneration, whichaks a few seconds. Figurd-{l)
describeshe mechanism othe NSR reaction Several studies have shown that Ngdhancs the
performance of the NSR catalyst by improviN@y storage, as Ngs faster and easier to trap than

NO [16, 17]. Therefore, in the exhaust aftertreatment system, ithisraageous to place DOC

upstream of NSR catalysts in order to increase the amount 0f NO

NO+0O2 NO» Fuel N2
NO3 NO3 NO3 NO3 NO
4 “"Rh
(P ®| |® (R
Adsorption (lean) Regeneration (rich)

Figure 1-1: NSR operating cycle (source: www.dieselnet.com)

SCR utilizes ammonia as a reducing agent to reb@; in diesel engine exhaust. The main

reaction in the SCR system is:
4NO + 4NH+ O, A 4N, + 6H,0 Q)

SCR is widely used in industrial application because of its high conversion, which can exceed
90%. SCR has proven successful in stationary diesel engines; however, there is ongoing research for
its use in mobile applicatiorj48, 19]. Installing a DOC before the SCatalystcan further enhance
the total conversion dflOx via SCR by increasing the amount of N&hd driving a second reaction,

which is faster and occurs at lower temperature than reaction (1):



NO +NO, + 2NH3 A 2N, + 3H,0 (2)

Diesel particulate matter, or soot, is removed from diesel exhaust gas by diesel particulate
filters (DPFs), a walflow monolith that traps solid particles from the exhaust. When the filter is
overloaded with particulate, it is regenerated by exposing it to high temperature to akalize
accumul ated soot. T o cemovinogsmorB th&ns90% i soet with aaqreptaltllee o f
mechanical and thermal durabilifit]. Further, NQ produced ina DOC is beneficial forDPFs
because N@oxidizes soot at lower temperature than BEor example, Qoxidizes soot at 56600
°C, whereas N@does at 350C. For this reason, DOCs are installed upstrea®R¥sto lower soot

oxidationtemperaturge[20, 21].

1.4 Catalyst Optimization

In their aim to optimize the performance and reduce the cost of DOCs, catalyst manufacturers
have studied a variety of catalyst aspects inclugiegious metal/support/promoter types, geometry
and structure of the honeycomb support, and different preparation conditions. All of these factors
have been utilized in optimizing standard catalysts that have a uniform distribution of catalyst
material alog the catalyst length. However, some studies have shown improvement in catalyst
performance by using namiformly distributed catalysts. In these catalysts the active metal is not
homogeneously deposited along the catalyst length, instead a distrilfugictive sites is made along
the catalyst length. Most published work in nomform catalyst distribution is based on
mathematical modeling, in which few have considered catalyst deactivation in the optimization
model. For example, Tronci et @2] have considered thermal degradation in their model, and they
found that the performance of the uniformly distributed catalyst was more severely affected by
thermal aging than a two zaheatalyst, with more Pt loading in the front zone. Therefoogem
investigations are required before commercializing the-uroform catalyst converter for diesel

engines.



1.5 Objectives

The ultimate goal of this research is to improve the performance of a DOC by redistributing the
active sites on the catalyst surfdoeorder to efficiently utilizethe amount of precious met&O,
CsHs and NO oxidatiorover a DOC will be investigated by studying t@mpetition and inhibition
effects é& these components of theseactions. The effect of thermal deactivation will also be
characterized. This research is divided into two sectiomgich special tools and techniques will be
used. In the first section the performance of uniformly anduroformly distributed catabts are
tested before and after thermal degradation by the following sequence:

(1) Making samples with a homogeneous distribution along the axial direction.

(2) Testing and characterizing fresh and aged homogeneous distribution samples.
(3) Making samples with graents in distribution along the axial direction

(4) Testing and characterizing the fresh and agedhoonogeneous samples.

Testing the homogenous and Aoomogeneous samples will include measutiredistribution
of gas compositions, overall conversion, dathperature along thexial direction of a DOC, and
measuring how thdistribution changes as a functiontbérmal aging. In the second section of this
work, the interactiosbetween CO, s, and NO are examined over Py®4 with the focus on the

hysteesis behavior of CO oxidation in a GdC;Hg mixture.

1.6 Contributions

This researctwork provided valuable information about the DOC that is used in lean burn
engines. With the data obtained, and the gradients in activity measured, we can design a new catalyst
having axial gradients in active metal that could improve dafhtcharacteristics ananinimize
degradationThis led to optimizing the DOC to meet mandated emission regulations and reduce the

cost of the DOC.



A primary result of this work is a more efficient catalyst by zooating the sample witthe
sameoverall amount of precious metaFurthermore, the gradients can be used to slow thermal
degradation, also potentially resulting time need to uséess active metal since the catalysts are
usual ly de saf-gsefidldi ffeoor. filecndot her words, the amount
for the catalyst to meet regulation requirements after being usedbfer thanl00,000 miles. If less
thermal degradation occurs, less overall metal is requimeatidition, understanding the influence of
eachreactantcomponent on its owrandwith other speciesoxidationwill provide a clear picture of
the nature of the reactiormn the DOC catalyst. These data can be utilized in the future to build more

accurate models for DOC reactions.



Chapter 2: Literature Review

A review of the DOCfunctions, diesel exhaust species interactions on the catalyst, catalyst
aging, catalyst preparation, the influence of active metal distribution on performance, and the

hysteresis behavior of CO are presented in this chapter.

2.1 Diesel Oxidation Catalyst (DOC)

2.1.1 DOC Background

A diesel oxidation catalyst is a catalytic device that oxidizes the following components: CO,
HCs, NO, and the organic fraction of diesel particulates. Since the 1970s, the DOC has been
commercially used in a number of light and heavy dertgine applications. It was first used in
construction, tunneling, and material handling to reduce the CO and odor frompdieseed
equipmen{13]. In the early 1990s, with the success of the gasoline engine catalytic converteg and t
strict standards for diesel engine emissions, diesel engine manufacturers considered catalysts for
controlling engine emission®3]. DOCs used in the aftéreatment system of diesel engines are
normally a flow through cordierite honeycomb shaped configuration coated with Pt or Pt/Pd on an
Al,O; support, with Ce@ and zeolitecomponentssometimes addef24-26]. Today, DOCs are
capable of removing motean 90% of CO and HCs and can reduce diesel particulate matter (PM) up

to 30%][1].

2.1.2 DOC Reactions

The DOC is designed to oxidize different species in diesel exhaust. Two main reactions are
CO and HC oxidation:
coO + 050 A CO, (3)
CHxyn +(n+m/2)Q A nCGO+ mH,0 (4)

The oxidation of NO to N@is another reaction that occurs on a DOC.
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NO + 1720 A NO; (5)

Because N@is more toxic than NO, previously scientists classified NO oxidation as an
undesired reaction that creates air quality cond@Tis However, NO oxidation can be beneficial for
downstream DPENSR, andSCR catalysts. The optimal ratio of IR0 is 1:1 in SCR catalysis
[28, 29, with typical engineout NG, values at about 10%. The disadvantage of the presence of NO
in the feed of SCR is the formation of®l which is a greenhouse gas and contributes to the depletion
of the ozone layer. JD is formed at low temperature as a result of the rgidetion between NCand
NH; on the SCR cataly$28, 30, 31]. In addition, studies have shown NGtorage efficiencies are
significantly improved with N@relative to N 16, 17, 32], thus an upstream DOC is typically a part
of this system also. NO oxidation over a DOC is enhanced with increagingn@entration but
suppressed with increasing® concentratiorf29]. For DPFs, N@formed in the upstream DOC is
utilized to oxidize the trgmed soot. Since NQOs a stronger oxidizer than,(he DPF system is more

easily (lower temperature and higher rates) regenerated witfidspo

2.2 Species Interactions in DOC

The performance of a DOC can be evaluated by the-difiitmperature, total conversion of
reactarg, and durability. There are several parameters that influence the overall performance, such as
catalyst volume, washcoat type, compositidistribution, loading of precious metal, and preparation
methods. Even though it has been used for many years, the mechanism that governs the operation of a
DOC and the interactions between different species on the surface of the catalyst remain
controvesial. A better understanding of the mechanism and resultant rate expressions would be
advantageous in helping to model DOCs.

Diesel exhaust gas is primarily composed of,CB,0, O,, and N. All these gases are
environmentally friendly products, except €@hich is a greenhouse gas. Traces of other pollutants

such as CO, unburned HCs, N@nd PM are also emitted. Studies have shown that the activity of
11



the DOC is greatly influenced by the concentrationgasfousexhaustgas specief21, 34, 35]. The
presence of some species that can strongly adsorb onte sitéis may retard the reaction of a more
reactive species and delay the ligiit temperature until the desorption temperature of the inhibiting
adsorbate is reached. The effects of the main reactants on the DOC are evaluated in the following
sections.

In 1973, Voltz and his group studied the effects §f@D, GHs and NO on the rates of CO
and GH; oxidation over a Pt/AD; pellet catalys{35. CO and GH; oxidation rates increased with
increasing @concentration and decreased with increasing CO gHddoncentrations. These results
agree with other previous work that studied CO agtd;©xidation[36, 37]. The inhibition effect of
CO both on its own oxidation, a phenomenon known aspsé&tbning, and on g oxidation is
related to strong chemisorption of CO on Pt sites on the catalyst. Similarly, theiagnhéffect of
CsHg is also related to chemisorption ofHg on activesites[35]. The chemisorption of both CO and
CsH; is sufficient at lower temperature to cause significant inhibition, but at temperatures above 400
°C, CO and GHg chemisorption is insignificant and thus inhibition effects are reduced or eliminated.
As the temperature increases, CO chemisorption desrease consequently the effect of CO self
inhibition decrease35, 38, 39]. Further, NO hasn inhibiting effect on CO and;B; oxidation: this
inhibition effect of NO increases with increasing NO concentration. At low temperature, there is no
inhibition effect for NO on CO and s oxidation but at temperatures above 200, NO is
chemisorbed onto active sitamjce CO and §Hs adsorption decreases leaving some sites fires,
inhibiting CO and GH¢ oxidation. Separate studies have also shown that CO and HCs inhibit NO
oxidation by delaying the lightff temperature and decreasing the conversion of{RlD40]. This
negative effect has beaitributed to the competition of CO, HC, and NO foe active sites. In
addition, NQ, the product of NO oxidation, is a stronger oxidant thana@l therefore NQis
consumed preferentially ins8s and CO oxidation thus resulting in an apparent inhibition of NO

12



oxidation[21, 41]. Other hydrocarbons such asxylene and dodecane had the same effect;bg C
on NO oxidation. Because of its high sticking coefficient on Pt and this strongingidbility, NO,
can also inhibit NO oxidation by covering the surface of the catalyst with oxygen, preventing NO and
otherspeces from reaching the surfap&, 43).

Unlike other compounsl H, promotes oxidation reactions on a DOC. In a study of the effect
of H, on the combustion of nleane on a Pt catalyst in a lean methane/air mixture, increasing H
decreased the ligiuff temperature of the methafé4]. Even though exhaust from ligduty and
heavyduty diesel trucks contains very little or ng €€£O/H, ~40 to 70) as compared to thaf a
gasoline car exhaust (CO/H3), even small amounts of,ldan promote oxidation reactions over a
DOC[45]. Literature evidence shows that when a mixturel9fCO, and @passes over a Pt catalyst,
CO hinders the Klight-off temperature, but Hpromotes CO lighoff [46-48]. CO starts oxidizing
first until it reaches ~50% conversion, thepigirapidly converte@49-53]. Studies found that adding
a small amount of Hshowed the greatest effect on CO oxidation, however the rate of the
enhancement effect decreased as theddcentration increasdd6, 48]. Several explanations were
proposed for the Henhancement effect. Sun et[&4], explained the Hlenhancement effect by the
associated increase in temperature due to the exothepnaigidition reaction. Another explanation
was the interaction on the surface betweenahid other adsorbed speciet, 48]. Mhadesiwar
suggested a mechanism that utilizes a parallel path for CO oxidation with a hydroxyl (OH) species
that would decrease the CO lighff temperaturg55]. Salomons and coworkers have linked the
enhancement effect of,bn CO oxidation to Hadsorption and CO desorptiphg]. In their kinetic
model of the CO/K oxidation mechanism, the activation energy of CO desorption decreased as
function of H, adsorptior{46].

The most acceptable reaction mechanism of CO oxidation ofs Rhe Langmui

Hinshelwood (lH) dualsite mechanism, where the rate determining step (RDS) is the surface
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reaction between adsorbed CO and @ two different siteq47, 56-58]. Similarly, the L-H
mechanism was also proposed for hydrocarbon oxidation reactions, and the surface reaction between
adsorbed @and HCs is the RDE35, 59, 60]. The mechanism of CO ar€Hg oxidation are shown

in equations (®).

R (9g) -AS AS (6) z R
O, (9g) +  2-ASY 7 z 2(0
R-AS +O0OAS »AS AS ®)0

COrA S ,(g) + AS (9) 7 co

R: reactant (CO or £Elg)
AS: Active Site

Several studies in the literaturevieashown that CO oxidation is inhibited by CO at low
temperatures, due to strong CO chemisorption on active sites, while at high temperature the reaction
is mass transfer limitel@5, 38, 39]. In a mixture of reactants, COgld, and NO inhibit the oxidation
of each other due to competitive adsorption dieractive site.The rate equations of CO andHg
oxidation including the resistance term, that accounts for GBs, @nd NO inhibition, were reported

by Voltz as shown in equationsi(12) [35, 61].

-kr @ Ky o( C O Caplg) @)

Qo ee™ 7 ka 1C O+ka 2C3Hg 2* 1 # 3CO CgHg 2* 1 kasNO O - 7 (10)
k Fke X/ T+4§0 (j =1 fC¢g) CO and (@2 for
kaFKaie P2/ T+4§0 (i=1, 2, 3, 4 (12)

(CO) =mole % of CO
(O,) = mol % of Q
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(CsHe) = ppm of GHs

(NO) = ppm of NO

kr, = intrinsic rate constant based on catalyst volume | €g¢]
ka, = adsorption rate constant for CO [CO]

kay, = adsorption rate constant foghf [CsHe] ™

kag = adsorption rateonstant for combination of CO andHG [(CO) (GHe)]™
kas = adsorption rate constant for NOIP]™

k°; = frequency factor for .k

k°, = frequency factor fork

E; = activation energy fork[btu / Ib mol]

E.; = activation energy fork[btu/ Ib mol]

R = ideal gas constant, 1.987 [btu/Ib mol °R]

T = catalyst temperature [°F]

Further, it was observed that the CO oxidation reaction rate oscillates depending on the
reaction conditions and chemical state of the surfé@es5]. Different reasons were proposed to
describe CO oxidation oscillation including temperature inertia and CO concentration; however, Pt
oxidation and reduction, proposed by Sale e{&f], is the most reasonabéxplanation. With an
excess amount of £ Pt is oxidized to form Pt oxide (PtO), which is less reactive toward CO
oxidation, thus lowering the CO oxidation rateowever, as tb CO oxidation rate increaséle PtO
reduces back, by CO, to metallic Pt, which is more active than PtO. This oscillation in reaction rate
was also observed duringsis oxidation [61]. Yao, who studied the kinetics of CO andHg
oxidation under excess,@ver different precious metals and supports, found that the reaction rate,
which was reported in the form of a power law, exhibits negative orders with respect to CéHand C

and positive order with respectte 7].Si mi I ar 1y, f or C-A,Opcataydt,ahiei o n
15
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CO oxidation rate was found to be proportional to thea@d inversely proportional to CO partial
pressures and at low temperature, below the-bffntemperature, the Pt surface is covered with CO

[68].

2.3 Aging Effects

Catalyst deactivation (aging) influences research, development, design, and operation of
many commercial processes. In diesel engines, the deactivation of the catalyst causes a gradual
decrease in performance, resulting in increased emissions from tlakev€latalyst deactivation can
be classified as chemical, mechanical, and thermal. All the deactivation methods are applicable to

diesel exhaust catalysts, but tthiesisresearch is focused on thermal deactivation

2.3.1 Thermal Degradation

Thermal degradatiois caused by exposure to high exhaust gas temperature or heat generated
via exothermic reactions, and is a major source of emissions catalyst deactivation. Even though the
diesel engine exhaust temperature is lower than that in gasoline engines, tloa€iC be exposed
to high temperatures, imposed for example during regeneration of diesel particulat¢6flters
high temperature, active phase crystallite growth, collapse of the carrier pore structure and reactions
between the active phase and carrier or promoters can dicthe. reaction is structure sensitive,
catalyst activity can either increase or decrease with increasing metal crystallite size during sintering
[7Q].

High temperature exposure can result in particle sintering, which typicalfgates catalyst
activity. Sintering refers to the loss of active surface area via structural modification of the catalyst,
which is usually a thermally activated process and is physical by fatijréJnder high temperature
conditions, atoms and molecules migrateform larger particles on the surface of the catalyst.

Sintering has been shown responsible for the loss in performance of an ag¢@d1DTAL
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Sintering can be divided into two types: active site sintering and carrier sintering. In active
site sintering, the surface area of the typically small particles dmzes the particles aggregate to
form larger ones. Support sintering can alter the pore structure and therefore size, typically making
pores smaller and more resistant to diffausion.
Al,O; is transformedri t eAl,@, and the surface area of the support decreases from 150 to less than
50 nf/g [73]. Furthermore, at high temperature, the catalytic species can react with the support
forming components that are less active.

The presence of certain additives such as BaO,,Gafd LaO; are known to reduce support
sintering by forming thermally stable spinel phases with aluniihase stabilizers fix the catalytic
components to the surface decreasing their mobility and hence crystal §rojvttidditiveson the
carrier can affect thermal properties of the catalyst by changing sites or forming new phases. For
example, alkali metals accelerate sintefii. Sintering is easier to prevent than cure, because it is

kinetically slow and tyjzally irreversible.

2.4 Catalyst Design

In this section, monolithic catalyst comjt@n and preparation methodsr DOCs are
presented. The composition of the DOC and the preparation methods play an important role in the

properties and performance of thedi product.

2.4.1 Monolithic Catalyst Compositions

Monolithic catalysts are used extensively in environmental applications due to their low
pressure drop associated with high flow rates, and thermal and mechanical stability. A frontal view is

shown below irFigure2-1).
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Figure 2-1: Honeycomrb monolithic catalyst converter[74].

The monolithic catalyst substrates are usually made of ceramic. Because of the small specific
surface area of ceramic substrates, the honeycomb wall is coated with a high surface areanmaterial
which the catalytic component is deposited. The majority of commercial ceramic honeycomb
catalysts are made of cordierite. Cordierite is most widely used due to its mechanical stability, low
thermal expansion coefficient, and the macroporous steudhat facilitates the attachment of a

powder layef75].

2.4.1.1 Supports

Catalyst carriers (washcoat) are coated onto the channel wall of the monolith substrate to
increase the surface area in order to assist in the dispersion and stabilitacivibeatalytic phase.

Most carriers (and all those for vehicle applications) are porous, high surface area metal oxides
having high pore volume, capacity, and stability, as well as dispersed catalytic phases during reaction
[76]. Zeaolites, silica, and alumina are the most common commercial carriers.

High surface area, appropriate pore structure, thermal stability over a wide temperature range,
and ability to be used in industry to form pellets or to coat a honeycomb monolith are the most
important qualities of the washcoat matefi&gh, 77]. oi Al,O; combines all these properties and is
widely used in @Cs. However, other carriers are sometimes used. For example, in both C® and H

oxidation, ceriasupported Pt catalysts are more active than alusupported Pt catalysfz8].
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2.4.1.2 Active Components

The active phase is the key to the catalysis, and it is usually the most expensive part of
catalytic converters. The active phase contains the active sites where the réalctigniace. Pt Pd,
and Rhbased catalysts are the most common active phases used in automotive pollutiori4ntrol
79, 80]. Rh is very active in NQreduction, but its oxidation activity toward CO and HC is less than
that of Pt and P{81, 82]. Pt catalysts have high oxidation capability for CO and HE abthe same
time are active in SQOoxidation at low temperature, which is not desired, 8®mation can be
lowered by using non precious metal catalysts, although these are typically less active for other
reactions compared to [83]. Even though Pd has high thermal stability, it has not been used alone
in diesel apptiations because at low temperature conditions, it is severely poisoned by fuel sulfur
[80]. The advantages and disadvantages of Pt and Pd are sh®adble @-1) [80]. Today, with the
reduction of sulfur content in diesel fuel, Pd has become more viable as a DOC component. A Pt/Pd
blended catalyst is exceptionalactive, more thermally durable, and has a satisfactory tolerance

toward sulfur poisoning compared to conventional Pt catalysts in diesel appli¢8Ghns

Table 2-1: Comparison between Pt and Pd in DOC catalyst

Metal Advantages Disadvantages
Pt 1 Low temperature activity 1 More expensive
T NO, generation 1 CO poisoning
9 Lower risk of S poisoning
Pd 1 High COlight-off activity 1 Higher risk of poisoning
1 Low price 1 Low NO, generation
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2.4.2 Catalyst Preparation

The catalytic properties of heterogeneous catalysts are strongly affected by every step of the
preparation process. The choice of preparation methods depends on the base materials used and the
desired physical and chemical properties of the catalyst, seithral preparation methods available
for a given base materigB4]. However, catalyst design is often considered an art. Catalyst
manufacturers do not reveal many critical preparation details as they are considered trade secrets to
protect the proprietary nature of their prody@d]. However, there are well knowgeneral
procedures for catalyst preparation in the laboratory. Monsligiported catalysts are prepared in the

laboratory through three main steps: impregnation, drying, and calcination.

2.4.2.1 Impregnation

Impregnation is the simplest and most typical commercial procedure for dispersing a catalyst
species within a carrier. Often the active metal is dissolved in an aqueous solution and brought into
contact with a porous oxide catalyst support. The activel mdsarbs from the agueous solution onto
the suppor{85].

Based on the total amount of aqueous solution
Adryo, also known as incipient wetness. I n incipi
precursor salt is dissolved in an amount of water equahd¢owater pore volume of the carrier,
whereas in wet impregnation the precursor salt is dissolved in an excess amount of water. Then the
agueous solution containing the precursor is added to the carrier until it is saturated. The carrier
adsorbs the catgic element by capillary force distributing it over the porous surfaga. dn some
cases, after impregnation, additives such as BaO or @eOadded in order to stabilize the active
metals and avoid significant movement or agglomeration of the dispbeasalytic specief70]. Dry
impregnation is difficult for a large structure, because it is hard to supply the monolith with exactly

the amount equal to its pore volume as the liquid needs to travel a long distance to reach all pores
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[86]. Therefore, it is difficult to obtain a homogeneougdtribsition using dry impregnation. On the

other hand, in wet impregnation the metal precursor concentration in the liquid is determined based
on pore volume of the monolith so that the liquid to be taken by the monolith will produce the desired

metal loadilg. To achieve an even distribution of the metal, it is recommended that the contact time

of the monolith in the solution should be short to prevent any excess of metal adsorbing onto the
support86).

There are many studies in the literature on catalyst preparation with attempts to understand
the physical and clmgical aspects of the impregnation process. The experimental work of Maatman
showed that Pt can be uniformly distributed on an alumina carrier by adding salts or acid to the
chloroplatinic acid impregnating solutigB7]. Heise and Schwarz experimentally and theoretically
studied different aspects of impregnation including the effect of pH, ionic strength, and concentration
on Pt metal distribution on an alumina sugg88-90]. For example, Pt adsorbed and pgemetration
depth could be controlled by adjusting the pH and ionic streRgtieker and Regalboitstudied the
uptake of Pt on an alumina support as a function of initi@bRtentration, and found that an excess
amount of Pt in the impregnating solution leads to Ptishlbition based on the ionic strength of the
solution[85]. Ruckenstein and Karpe have shown that the total uptake of the metad bypport
decreases when the ionic strength of the impregnating solution incf@dkda addition, Pt uptake
increases as the pH moves away from the point of zero charge (PZC), the pH at which the net surface
charge is zer@d1]. Regalbuto found that Pt uptake increases as the pH is moved away from the PZC,

andslowedat extreme pH due to the ionic strength of the impregnating so[@&bn

2.4.2.2 Drying

The next step in monolithic catalyst preparation is drying the catalyst, typically at about 110
°C, to get rid of excess water and other volatile species. The rate of dryinmfesence the

deposition of the active materials in the pdr&d. Studies on supported catalysts such as Ni/alumina
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have shown that at a low drying rate most of the catalytic species are deposited in the deep end of the
pores; whereas, at a high drying rate, they are deposited in the entrance @@3®@4s Drying rate

can also affect distribution of the active metal along the monolith. In an oven dried monolith, Figure
(2-2), the distribution was much lower in the middle parts ofrtlomolith (as indicated by the lightly

gray color in the middle) than that at the gwnldie to humidity gradients that formed between the
inside and the outside on the channels. In room temperature drying, the humidity gradient was lower
than that of the ove but only a small zone, in the middle, was not covered by the active metal
because this zone was not completely dried before calcination. It is therefore very crucial to control
the temperature and humidity during the drying process.

)
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Figure 2-2: Axial section of Ni impregnated monoliths obtained by (A) oven drying, (B) room
temperature drying and (C) microwave drying followed by calcination at 550°C [93].

2.4.2.3 Calcination

The final stage in monolithic catalyst preparation is calcination. Catalysts are cathigt
temperature to decompose precursor salts and other preparation components. Calcination is typically
in air at a temperature higher than that used in the catalytic reactions, thereby also stabilizing the
catalyst activity. Calcination at high termptures, above 50T, can crack the monolith by pressure

build up in micropores via the rapid heat up of trappe®.H-urthermore, at high calcination
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temperatures, exothermic reactions due to decomposing salts can accelerate Eii@leiihgrefore

care must be k&n when calcining the catalysts.

2.4.3 Optimization of Active Metal Distribution

Catalyst manufacturers have studied various design factors to improve the performance of the
catalyst, especially in terms of improving cold start performance and reducing ategraeffects.
Advances in catalyst coating technologies have enabled both washcoat and precious metals to be
distributed norhomogeneously along the length of a catalyst mon¢8t). Theoretical studies
focused on oxidation reactions or N@duction,have shown that an axial distribution of the active
metal, with higher loading in the upstream section of the monolith and lower loaditige i
downstream, is superior to that @uniform distribution, while utilizing theane amount of active
metal[22, 81, 95-104. Collins and colleagues optimized thneay catalyst performance by targeted
zoning of precious met§81]. They found that most pollutant conversion occurs in the front portion,
and consequently the optimum catalysts have the majority of the precious metal contei@lihere
Furthermore, through analysis of CO, HC, andiNOnversion along the catalyst length, results have
shown that CO and HC are converted in the front portion of the catalyst whergasohM&rsion
relies on the total volume of cataly$tl]. Based on a onrdimensional, twegphase model of the light
off behavior and cumulative emissions of a ganeatalytic monolith, Ramanthan and his colleagues
found that ér a fixed amount of metal loading, redistribution of #uotive siteswith more near the
front section of the monolithan achieve higher conversion and lower ignition temper§@%&02.

If catalyst fouling is an issughen multiple-zone distributionis the optimum desigmvith more
catalyst in the middIgL0Q. The optimal axial distribution of the active catalyst asinvestigated
to minimize cold start emission®2, 102, 103. Based on their numerical studjetauthorsfound

thata high concentration of the active metal in the upstream section of the monolith was optimal to
23



minimize cold start emissions because it ersdiat he highest temperatuis maintainedat the
inlet of the monolith and heat transfer by ceation dominateg22, 103. Similar results were
observed in a separate study whdifferent Pt distribution profiles along the reactor lengtbre
examined andit wasfound that the best lighiff performance was achieved with Pt concentrated in
the upsteam section of the monolifi04. Similarly, precious metal usage in DPkas optimized

by nonuniform catalystcoating with more catalyst in the front part shioyg improvements in CO
and HC conversion aseNl as cold start emissiof$01].

In addition to the lighoff temperature performancdronci et al.[22] suggested that
degradation due to sinteriig more severe in the case atiniform active site distributionEven
though the surface area loss in the front section of theuniborm active site distribution catalyst
(front-loaded catalyty was larger tharthat of the uniform distribution, the remaining activity was
high enough to maintain the minimum heat to keep a high solid temperature and avoiihmono
cooling by the inlet gap22]. Furthermore, based on a theoretical gtofimethane oxidatiomnder
steadystate and transient operating conditions,-onoiform catalyst distributions have the potential
to achieve lower thermal stresses as the temperature gradient in the catalyst is lower tham that
uniform distritution [96]. In some conditions,atalyst distributiorwith high loading at the entrance
has no effect on conversion improvemesiich as wheithe space velocity is tobigh for high
conversions to be achieved in thigher loaded region (above SV=000000 h in this example)
[105. This suggests, as does other work, tlmre is a range of catalyst loadsng which the
optimal design correspoatb havingmore catalyst at the front but not for B]. For examplein an
adiabatic reactor, the optimal active component distribution profées shhown to beaxially
decreasing along the reactor length for fosler exothermic reactions and increasing for
endothermic reactions, whiteuniform active component distribution profile is optimal for first order

reactiors in an isothermal reactfit0g.

24



Precious m&l component zoning in lean NQtrap system performance habBown that
reverseprecious metatoning (zond with low loading in the front section of the monolith followed
by a zone with higher loading) can be used to reduce the cotedfNT while essentiby
maintaining the NQ reductionperformancecompared t@ similarly sizel trap with a uniformhigh
precious metal loadinfp9]. After high temperature aging, the back halftleé testedNOy trap had
better performance than therdnt half because the front of catalystas exposed to higher
temperatures thathe back due to théeat generated fromexothermicHC and CO oxidation
Therefore high loadingat the back of the catalyst protedhe active sitesin that zone and better
preserve the low temperatw NO; performance of the LNT99]. In a more recent study of an aged
diesel truck aftertreatment system, a Ford research team found that the bdelGfdeteriorated
most significantly than the rest of the catalystause the back is mostegted by theheat generated

from theexothermicreactions, specificalljpurning hydrocarbons during filter regeneratjdf].

2.5 Hysteresis Behavior

As was mentioned earlieiCO, NO and @Hs TPO experiments, with tests done with
individual reactants and in mixtures,em conducted as a part of an Auto2l project. In these
experiments outlet gas concentrations and temperatures, across the monolith length, were monitored
during ignition and extinction processes. Preliminary results showed interesting hysteresis behavior i
the case of gas mixtures, specifically CO inverse hysteresis behavior in a CeHamdixdure. This
phenomenon was characterized and therefore, the hysteresis behavior of CO is discussed in the
following section.

The oxidation of CO on Pt has beatvestigated in numerous studies beginning with the
classic work of Langmuif35, 48, 106-109. CO oxidation is known to occur through a Langumir
Hinshelwood (LH)dualsite mechanism, in which the reaction occurs between CO aatted both

molecules adsorb on the surfdd&, 48, 56]. CO oxidationstudies dting a temperatureamp up and
25



then ramp dowrmaveshown hysteresis behavipwith higher conversion duringxtinction[47, 110

123. This higher conversion during extinction is often callednal hysteresis behavior. Researchers
have proposed different reasons to explain the highevitgctif the catalyst during extinctigrof

which surfacanhibition by CO adsorption, reacticxotherm, and thermal inertia of the catalyst are
the most common. Carlsson and Skogluftthl], explainednormal hysteresissaacombination of

three possild reasons: (1) inherent kinetics bistability, (2) interaction between reaction kinetics and
diffusion phenomenon, and (B)cal overheating of the catalyst surfaklysteresisor multiplicity, in

CO oxidation on Pt was firebserved by Beusch et fL1( in 1972.In addition to the Beusch study,

Wei and Beckelf123, Schmitz et al.[11§, Hegedus et al[115, and Chakrabaty117 have
demonstrated that interaction between surface reaction and diffusion can lead to hysteresis behavior.
Hegedus et al.115 concludedthat CO oxidation hysteresis behavior is due to the interaction of the
negativeorder kinetics for CO oxidation with the diffusive reaisces of the catalysts. For example,
the region of hysteresis could be broadebgdincreasing the diffusion resistance thke tested
Pt/AlL,O; catalystby patially aging thecatalyst[115. Oh et al.[116], who investigated the role of
intrapellet diffusionresistance irysteresis dimg CO oxidation over PAl,O; showed that the
width of conversiotemperaturehysteresis loop is a function of particle size and it could be
eliminated if the catalyst particle size is very smialaddition to the reactiediffusion interaction
explanation, Chakrabaty et 8L12 stressed the effect of surface reaconption interference. For
example, multiple steady states were observed depending on whether, G, @D and @are
preadsorbed on the catalyjdtlZ. The oscillations in CO conversion observed in the multiplicity
region of CO oxidation were explained partly by switches in adsorbate concentfdti¢hsas
mentioned above. Eigenberger proposed that two or more surface rate steps where CO is chemisorbed
on Pt could result in multiple steady states without obvioasm@ds in reaction condition$24]. A

transient, irsitu FTIR study of CO oxidation over a Pt@% catalyst, by Carlsson et d56],
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associated CO oxidatiohysteresiswith different rates by which Pt is oxidized cameduced as a
function of gagphase composition. Their results showed that a transition during the extinction
process from an £to a CO covered surface occurs on a much longer time scale than the reverse
transition from a CO to ©covered surface durintpe ignition processThe authors concluded this
wasdue to Pt oxide formation, during extinction, which changes the adsorption kilick their

CO oxidationmodel, Salomons et g47] suggestednultiple steady states with the hysteresis effect
corresponihg to two Pt states; predominantly CO covered during ignition ando®ered during
extincion. The model was based on adsorption and surface reaction ushhgnachanismwith a
dissociative chemisorption step for @en requiring two surface sites, whereby ignition and
extinction processes correspond to the two states of predominantly Cf@ccaveQ covered[47].

This idea of surface coverage is consistent with research by Langntuinther researchers who
observedhat at high tempetare and excessxygen, active sites are entirely covered with oxygen
and the reaction is limited by the rate at which @&forls to the surfac¢106, 107, 109. However, at

low temperatureéhe surface is covered with CO and the reaasanhibited bystrong adsorption of

CO on the surface, a phenomermiown as CO selpoisoning[35, 106 108 109. The effect of CO
selfpaisoning increases with increasing CO concentrafiég, and decreases with increasing
temperature, with negligle inhibition above 400C [35, 107].

Another explanation was put forward by Subbotin and Gudkov[&td/ 119121, 125, who
explaned hysteresis by o ¢ a | ffover heat i ng 0catalyst caubed byalatively ve si t
slow dissipation of the energy through dispersathlystparticles.They proposed it is possible to
explain the hysteresis behavior in exothermic reactiort$) as CO oxidation, by overheating of the
active sites of the catalyst via the exotherm. This conclusion was extended to another catalytic system
by Subbotin et alf[121] who testechysteresis in CO oxidatioon both supported and unsupported
catalysts. They concluded that CO conversion dudrtynction was higher than CO conversion
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during ignition due to local overheating of an active center ratheraMw@msition from one steady
state to anoth€121]. This was supportelly their observation that the higher the number of active
sites of the catalyst, the larger the hysteresigp lbecame; and in the case of bulk metals, no
hysteresis was observed due to their ability to disperse the reactiofilB#atin an exothermic
reaction, such as CO oxidation, tfe#e ofheatbeingliberated is larger than thmate of heatbeing
dissipated ito the environment due tihe low heat conductivity othe support or inactive catalytic
mass in which heat iseleasedTherefore, duringhe extinction fhasewhen the temperature of the
inlet gas decreases, the temperatinap over thecatalystsurfacelags staying warmef113 125.
Similar conclusions were mada another studyof the oxidation and methanation of CO and
propylene hydrogenatioms temperature hysteresis was explained leyhmating of the active sites
due to slow removal of reaction hddi2g. In addition, it has beerobserved Hat the width of
hysteresis loopncreases with increasing active component and CO caatient in the reaction
[119121.

Unlike CO oxidationHauptmann et a[.114 have shown that NO oxidation @Pt catalyst
under excess oxygearonditions exhibéfii nver se hyst ecatiyslingageition he cat a
exceeds the activitgluring extinction The reason for inverse hysteresis behaviath& at high
temperature Pt is oxidized by N@ formanoxide phasethat is less catalytically active than metallic
Pt and at low temperature Pt oxide is reduced back by NO to metallic Pt, a phenomenon known as
reversible oxidation of Pt. Thuduringthe extinctionphase which initiates at high tempera&yrPt is
in a less active state than that during ignitibm addition,in a CO/NO/G, mixture, CO hysteresis
behaviorswitches from normal hysteresis to inverse hysteregigh the authors suggested was due

to reversible oxidation athe Pt surfacd114].
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Chapter 3: Met hodol ogy

The thesis work is divided into two main topics: @)comparison study between the
performance of uniformly and namiformly distributed catalysts before and after thermal aging, and
(2) reactant species interactions on a DOC, specifi€dllyoxidationhysteresis behavion a mixture
of CO and GHg. Inthe f i r st stage, fresh and aged homoge
analyzed using TPO and spatially resolved experiments to study the reactions and active regions
along the axial direction of the catalyst. Based on the analysis,-aamoogeneous catadt with a
distribution of active metal along the length was designed and tested using the same conditions that
were previously used for the homogeneous catalyst. Characteristics including total loading and
dispersion of the fresh and aged samples werasuned. During my thesis work at UW, experiments
were performed as part of an Auto2l1 project. A matrix of experiments was designed to study the
interactions and effect of COglds, and NO on the overall performance of a DOC. These data were
then used at Umersity of Alberta in developing a predictive model to characterize DOC reactions
during ignition and extinction presses. In this workpw catalytic activitywere obtained during the
extinction process, which is rarely characterized, leading to fuitkestigation with the focus on

understanding the hysteresis behavior of CO oxidation.

3.1 Catalyst Preparation

A cordierite substrate in monolithic form (400 cells per square iinchsi) with 1.59 g/irf
(97.03 kg/m) ai Al,0; coating (donated by Johnson Megy) was used to prepare-Based catalysts,
to practice, and Hiased catalysts with various axial distributions along the catalyst length. The
samples provided were 90 in diameter and-60 1in

hexahydrate QoN,O.6H,O) purchased from Fluka and for Pt watraammine platinum (1) nitrate
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Pt(NHs)4(NOs),, purchasd from Alfa-Aesar.The maolithic samples were cut tbd diameter and
2.40 |l ength.

For the catalyst with a nesmiform distribution, the goal was prepare a sample with more
catalyst deposited in the front section of the monolith while keeping the overall loading the same as
that of the uniform sample. This was not to suggest that such a distribution is the optimum
experimentation and modelinggdd catalyst designbut the modeling studies discussed in the
literature review overall suggest this leads to improved performarte monolith was prepared
using the wet impregnation method. Before impregnating the monolith, the water pore volume of the
support was determined by immersing the monolith sample into DI water and measuring the weight
difference between wet and dry samples.

The sample was then dried in an oven at ¥2Gor 2 hbefore impregnation. For uniform
distribution, based on the desir loading, a catalyst solution was prepared by dissolving a certain
amount of the precursor into DI water. For example, watelakp was measured to be 5 g, and Pt
tetraammineplatinum (II) hydroxidepowder was dissolved in DI water to make the precurso
solution. The precursor solution was diluted with 30 ml of DI water, so that each time the monolith is
immersed in the solution, it would adsorb an amount of Pt equal to 0.5%. The monolith was dipped
into the fresh solution, quickly removed, and an iaie lWas used to blow excess solution out of the
monolith channels. The sample was then air dried for 2 hrs and then in an overf@tal/2@night.

For the uniform catalyst this process was repeated twice so that the total Pt loadileg d§oal
whereas fothe noruniform catalyst, the whole monolith was dipped once and the frimes to
make a twezone monolith with Pt loadings equal to 1.5% in the front and 0.5% in the back. Finally
the sample was calcined for 4 hrs at 50 Figure (31) shows the miform and noruniform

catalysts after Pt loading.
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Figure 3-1: Monolith samples with uniform and non-uniform catalyst distribution .

In order to validate the procedure used in sample preparation and understand the results
obtained, certain features of the catalyst samples were characterized before and after aging. There are
many techniques to characterize catalysts; here, simply tadinlg and dispersion were used to
validate the zone coated catalyst and examine the effects of degradation in each zone. For these
characterizations, powder samples are required, so the mesigtitorted samples were crushed for
testing. For the nehomaeneous samples, the monolith was cut into two sections and each section
was analyzed separatelpductively coupled plasma (ICRnalysis was used to measure the total
loading of active metal. The samples were prepared for ICP by dissolving the crughelithm
sample in a mixture of acids. 0.1g of the monolith sample was crushed to fine powder and dissolved
in 4 ml of nitric acid (HNQ), 3 ml of hydrochloric acid (HCI), and 3 ml of sulfuric acid,g®y)
while heating to 150C and continuously stirrindné mixture. The mixture was then diluted with DI
water before runninghe ICP test Samples from the uniform catalyemtd the front antback part of
the nonuniform catalyst were testedusing aProdigy HighDispersion ICP Spectrometelhe
uniform sample ontains 1.01 W% Pt, and the front and back padf the zoned sample contain
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1.50% and 0.55% PRtrespectivelyDue tothelower cost of Cebased catalysts compared tebased
catalyss, before preparing Riased catalysts, several-Based catalysts weprepared and analyzed

by ICP to ensure the validation of the procedures used. ICP results of the Co samples are shown in
Appendix (A). The uniform Gbhased sample before and after deposition of the active metal is shown

in Figure (32).

Figure 3-2: Monolithic sample before impregnating (white) and after impregnating (black) with
the active metal

The dispersion othe active sites over the catalyst before and after thermal aging was
measured by Hchemisorption. The crushed powder of the tested sample was loaded into a Hiden
Catlab micrereactor. The catalyst was pretreated withati450°C for 30 minutes then the catalyst
was exposed to 26 pulses of 280mf 5% H, with a He balance for 30 secandith 1 minute of pure

He between each pulse. The detailed reaction protocolfohémisorption is shown in Figure-8}.
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Figure 3-3: H, chemisorption protocol

3.2 Catalyst Performance

Catalyst performare was tested by measuring the temperature and gas concentrations at the
reactor outlet and along the axial direction of flow. To do that, two-kmellvn methods were used:
(1) temperature programmed oxidation and (2) spatially resolved cafillatymassspectrometry

(SpaciMs).

3.2.1 Temperature Programmed Oxidation (TPO) Experiments

This method was used to evaluate the effect of different flow conditions on the performance of
the DOC as a function of temperature. In thesperiments, the temperature of tbetalyst was
ramped upand/ordown, while measuring the gas concentrations of the outlet T&\@ of different
reactant mixtures was utilized to test the catalytic activity of the fresh and aged samples with different
axial distributions of the active nat The tube reactor system used for such tests consists of a gas
mixing unit, the actual tube reactor, and gas analyzers, as shown in Fighr&(8e gases and gas
mixtures weresupplied byPraxair except N, which was generated using a nitrogen getar
manufactured by OnSiteand were metered with Bronkhorsiass flow controllers. Water was
introduced downstream after the dry gas mixture had been hd&ediater system consists of a

water tank, carrier nitrogen gas, and a Bronkhorst controllegloear mixer. The wet gas mixture
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was further preheated prior to entering the reactor. Thégater raised the temperature of the feed
gas to a value close to the test temperature.
small quartztubes, and the catalyst samplhe sample wa@serted intothe larger quartz tube,
which wasplaced inside a Lindberg Minimite temperataantrolled furnaces shown in Figure (3
5). The catalyst wasirapped with 3M insulation material to seal the gatiain the tubeandensure
that no gas sliparound the sampld.o stabilize the temperature inside the reactor and better preheat
the gases, smaller quartz tubes were placed in the front part of the reactor, while the catalyst sample
was placed in the loli. For temperature measurements, thi<elgpe thermocouplewere placed at
different positons along the catalyst length.

The effluent gas of the reactor was analyzed using a MKS MultiGas 208 &alyzer and
a Hiden HPR20 mass spectrometer (MS). Bo#ftruments measure the concentration of gases as a
function of time. The FTIR instrument was used to measure the concentrations of COGCQO,,
N,O, GHs, and HO. The MS was used to measurge ddd H, and also used in spatial resolution
experimentdo measure the concentratioof C;Hgs, NO, NG, CO,, H,0O, O,, and H. In the spatial
resolution experiments, the composition of the gas at different locations inside the sample was

measured by moving the capillary inlet of the MS to the specified location.

Tube Reactor Gas Analysis
System ! System

Mixing System

Hz0

System E i
l H i | Exhaust Streams

Flow Controller System |
v v

Preheating Tubes

1
|
me= g RER e
1
1
1
1
1

Figure 3-4: Flow diagram of the tubular reactor system
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Figure 3-5: Furnace portion of the tube reactor system, witla DOC catalystinserted.
Isothermal inlet and TPO experiments were conducted. For TPO, the conoestodtgases
at the catalyst outlet and temperature along the catalyst were measured as a function of time. For the
isothermal inlet experiments, the temperature was set to some nominal value, using an upstream
thermocouple, and the concentrations of geasedifferent locations in the catalyst were measured
once steadgtate was achieved. These measurements were repeated at different temperatures. In all
experiments the feed stream containgdHO, CGO,, He, and reactant gas(es), withads the balance

gas.Table (31) describes the set of TPO experiments that was used to test each catalyst.
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Table 3-1: Experiment Matrix .

Run CO CsHeg NO Flow rate
[ppm] | [ppm] | [ppm] [L/min]
1 1000 10
2 1000 10
3 200 10
4 1000 200 10
5 1000 28
6 1000 28
7 200 28
8 1000 200 28

3.2.2 Spatially Resolved Capillary-Inlet Mass Spectrometry (SpaciMS) Experiments

Spatially resolved capillarinlet mass spectrometry (SpaciM®as used to measure the gas
concentrations at different locations along the monoéitha constant upstream temperatidaee to
reaction exotherms, and decreasing reactant species concentrations and increasing product
concentrations down the length of casalyhe activityand kineticsvaried along the catalydength.

This techniqueprovided information about the progress and behavior of different reactions, and the
change of reaction rates a function oposition along the catalyswvhich is critical inunderstanding

the effects or activity of not only a normal, homogeneously distributed catalyst, but even more critical
in understanding catalysts with different active site densifiesse experimentgsererun at different
temperatures and variety of feed gas compositionsgzigure (36) shows the configuration of the
SpaciMS techniquéA silica capillary, 1.D. = 0.3 mm and O.D. = 0.34 mwith a throughput of 20
mL/min was connected to the Hiden HPR20 MS and placed inside one of the central chanmels of th
monolith. The capillary was heated alorggntire length to avoid condensatid®00 ppm GHe, 200

ppm NO, 120 ppm Héadded for calibration)s5% HO, 10% Q, and N as a balanceere fed to the
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reactor at 80C. The temperature waken raised to 228C. After reaching steady state, the capillary
was moved from the inlet (O cm) to the back (7 cm) of the moniolithcm incremergtin order to
measurehe gas compaosition at 8 different locations along the catalyst lembtb.was also done at
270 °C. The pretreatment protol before each experiment wake sample was heated to 43D
while flowing 10% HO, 5% CQ, and balance N then 10% @ was added to the mixture for 5
minutes followed by 200ppm of H for 5 minutes; and thetie temperature watecrease to 80°C

before starting the experiment.

Catalyst

Capillary
Feedin > M5

| |
Ocm 2cm  4cm  7.7cm

Figure 3-6 : SpaciMS configuration

3.3 Catalyst Aging

After collecting data using the fresh sample, the monolith was thermally deactivated and the
experiment methaddescribed above were agaised to characterize the aged sample. For thermal
degradation, two methods were used, homogeneous and heterogeneous thermal aging, both
representing different conditions in real application. In the first methedsample was heated slowly
in a furnace to a chosen temperature so that no temperature gradients exist in the catalyst. This
method represents the case where the catalyst is exposed to constant and high temperatures, such as
when exhaust gas temperaus the only source of heat. In the second method, the sample was
thermally degraded using the heat generated during an exothermic reaction. The heat released from

the exothermic reaction causes an increase in the temperature of the zone where thetakestio
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place, which causes a gradient in temperature along the catalyst. These temperature gradients lead to
different degrees of thermal degradation along the axial length. This method represents the case when
exothermic HC or CO oxidation occurs on ttaalyst causing an increase in temperature at distinct
locations. In real application degradation is a combination of both exhaust gas temperature and
exothermic reactiongrirst, the samples were heterogeneously aggdg the exothermic heat of
propylene oxidation. Then the samples were placed in an awéigher temperature to further
deactivate the whole sampleomogeneous aging. The temperature of the homogeneous aging, 750
°C, was higher than that of the heterogeneous aging to ensutbedlelt parts of the sample were
equally affected. Using a lower temperature, i.e. close to that of the heterogeneous aging, would not
necessarily result in Ahomogeneousod aging

For the homogeneous aginthe samplewas placed in a 47900 Barnstead Thdyme
furnace at 76 °C for 4 hours.For heterogeneous aging, the inlet gas stream was cycled between an
inert composition and a phase containinga@d GHe, with C;Hg oxidation being exothermic and
acting as the heat sourcehe catalyst, at approximatebp0 °C, was exposed for 10 seconds to the
exotherm phase, which consisted of 7000 ppisCL0% O,, 5% H,O, and balanced by,Nand 150
seconds to the inert phase, which consisted of 5@ a&hd balanced by INThis cycle was repeated
50 times.The sameTPO and steadgtate experimentswere repeated after thermally aging the
catalyst. Figures €3) and (38) show the temperature profile inside the standard and zoned samples.
The heterogeneouging protocol resulted in the front temperature reaching dr68n°C, and the

backabout 68 °C.
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Figure 3-7 : Temperature data at different locations of the standard saple during
heterogeneous aging
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Figure 3-8 : Temperature data at different locations of the zoned sample during heterogeneous

aging.
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Chapter 4: | mproved CO, Hydrocar bon and
Performance CoiangBaA®re Ca*t al yst s

4.1 Abstract

The effect of an axidPt distribution along a diesel oxidation catalyst (DOC) was investigated
by comparing a standard catalyst, with a homogeneously distributed Pt amount along the length, with
a norhomogeneously distributed catalyst (zoned). The zoned catalyst had moret&d kaicthe
upstream portion, and less downstream, while maintaining the same total amount of Pt as the standard
case Theeffects of flow rate on NO, CO orsBs oxidation, and during oxidation of NO andHg as
a mixture, were used for the comparisdhe reaction detailslong the catalyst were also resolved
using spatiallyresolved, capillary inlet mass spectrometry (Spas). Results showed that the
performancef the two catalysts are similar at low flow rate and with a single reacting gas tile
zoned samplavorks betterfor CO and GHg oxidation as the flow rate increasesdaetter for NO
oxidation in aNO/C;He gas mixture. With CO oxidation or;Bs oxidation, the superior performance
of the zoned sample is due to a larger, localized exothedna aecreased sgibisoning effect. The
exothermicreactionheat produced in the front part of the zoned catalyst allows it to reach higher
temperature at the front faster than the homogeneous/standard sample and it also lowers the effect of
selfpoisonirg by converting most of the reactants in the front part. NO oxidation, being kinetically
more challenging, occurs along the entire length of catalyst at low temperature, not achieving near
100% conversion in these tesBpatiallyresolved experiments dag GHg and NO oxidation, as a
mixture, show that NO oxidation starts afteyHg is consumed. Therefore, for the zoned sample,
CsHe is oxidized closer to the inlet portion of the catalyst, where a higher densityioideated,
leaving the rest of the catalyst for NO oxidation. However, with the standard sanrtpdey@ation

utilizes a larger part of the catalyst leaving a smaller portion of the monolith for NO oxidation.

*See AppendixC for permission.
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4.2 Introduction

The diesel oxidation catalyst (DOC) has been used in many heavy duty applications since the
197006s. DOCs are used to convert, or hel p conve
nitrogen oxide (NQ) emissions from diesel engines into less hatmdmponents. Today, DOCs can
remove CO and HCs from diesel emissions with efficiencies reaching timan 90%41]. However,
with increasingly strict environmental regulations for vehicle emissions, more research is needed to
improve the performance of D@@o meet the new standards, especially at low temperature. Even
though CO andHC oxidation on a DOC are seemingly uncomplicated reactions, the low temperature
of diesel engine »austimpacts catalyst efficiency during lovgpeed driving or the cold start
emissions period, i.e. the first2Zlminukes after starting the engifE27].

Many sources in the literature have observed that the CO oxidation reaction is inhibited by
CO adsorption at low temperatura, phenomenonnown as CO selpoisoning [47, 56]. This
inhibition by COdecreaes as temperature increag@s]. Similarly, the GHg oxidation reaction is
also seHinhibited by GHs chemisorption on theatalystsurfaceat low temperaturg35]. In a study
of threeway catalysis, Collins et al. found that CO and HC oxidation reactions occur in the front
portion of catalysonce light off has occurre@B1]. Similar resultavere observed for 4l oxidation
over Pt/ALO; [12§. Evidence shows that;Bs oxidation under certain test conditions occurs via
backto-front light-off and the red@on zone moves closer to the inlet the temperature increases
[128 129. This is due to a combination of conduction along the monolith and associated decreased
self-poisoning. NO oxidation to NQOs an important reaction over a DOC, as the presence otAID
enhance the performance of other downstream catalydtsimmissions control system, such as
selective catalytic reduction, lean N@aps and diesglarticulate filters (DPF)24, 13(0]. However,

NO oxidation is kinetically limited at low temperature and thermodynamically limited at high

temperature, with convemsis typically lower tha those of CO and HC specids81].
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Reducing the cost of the DOC is a common target for catalyst manufacturers. A major
contributor to the DOC cost is of course the precious metal component, usually Ptdobles;
therefore, efficient use of the catalyst can reduce the cost while maintaining the same performance.
Preliminary research, based on mathematical modeling, has shown that an axial distribution of the
active metal, with higher loading in the upsime section of the monolith and lower loading in the
downstream, is superior to that of a uniform distribution, while utilizing theesamount of active
metal [22, 9597, 101-103, 105 132. Collins et al. optimized thre@ay catalyst performance by
targeted precious metal zoning6]. As mentioned above, they found that most CO and HC
conversion occurs in the front portiomdaconsequently the optimum catalysts have the majority of
the precious metal content there. Optimal axial distribution of the active catalyst has been investigated
to minimize cold start emissiar95, 102 133]. Tronciet al. numerically investigated the effect of
catalyst distribution on cold start emissions in a monolithic catalyst converter. Based on their model,
they predicted that a high concentration of the active metal in the upstream section of the monolith
was optimal to minimize cold start emissions because it ensured that the highest temperature is
maintained at the inlet of the monolith and heat tersy convection dominat¢22]. Kim et al.[95]
used a onglimensional catalyst model to predict the optimal design of axial noble metal distribution
on the performance of a Pt/Riased catalytic converter. Based on their model, Hdight-off and
CO emissions were achieved with a design that contained more catalyst in the upstream section and
lower catalyst in the downstream section, compared to that with a uniform distributiorotheran
study, Khanaev et al[133 also predicted that in order to lower the CO oxidation {afht
temperature while maintaining the same performance as an uniformly distributed catalyst, the active
component should be concentrated in thetiskection of the monolittRamanathan and colleagues
[102 simulated the cumulative cold start emissions of a monolithic catalyst converter with a non

uniform catalyst loading. Based on their mathematical model, they found that cold start emission
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were reduced by redistributing the catalyst with more catalyst near theSinhdarly, Koltsakis et al
[97] found that catalyst zoning with more catalyst in the front is favorable for CO and HC conversion
in a DPF.

In this work, the performance of uniformly distributed catalyst was compared to that of a
zonecoated catalyst. Both samples contained the same amounts of Pt, but the zoned sample had more
located at the inlet and less at the outlet. This represents a first experistedyaof these non

uniform distributions.

4.3 Experimental Procedures

An Al,O; washcoated cordierite honeycomb monolith brick, with a 1.59 (#ih03 kg/m)
Al,O; loading, and a 325 cellfrfcps) cell density, was provided by Johnson Matthey. Samples were
cut to 10 in diameter with a | ength @@fNO3}0o. 5
Alfa Aesar), was first dissolved in 250 ml of water. To make the uniform catalyst with %adiig,
the sample was dipped twice in the-sBtution, andeach time 0.5% Pt was loaded. Between
impregnations, the sample wedsed in air overnight, and heated in an oven to 300°C for 1 hr to
evaporateH,O and fix Pt The zonedcatalyst with 1.5% Pt Eding in thefront and 0.5%at the back
was prepared by dipping the whole catalyst once and theHadintwo more timesSimilarly, &ter
each dipping the sample was dried in air overnight, and heated to 300°C fofFihdily, both
sample werecalcinal at 500°C for 4 hrs.

The amounts of Pt in both samples were measured using the inductupled plasma
(ICP) technigue. Samples from the homogeneous catalyst and the front and back part of the zoned
catalyst were tested using a Prodigy HigispersionICP Spectrometer. The homogeneous/standard
sample contains 1.01 wt.% Pt, and the front and back part of the zoned sample cori®nasnt.5

0.55% Pt, respectively.
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The schematic of the monolith test reactor uge@dhown inFigure @-1). The sample was
wrapped with 3M insulation, to prevent gas bypass around the sample, and placed in a horizontal
guart tube with three thermocoupldg;o to measure the inlet and outlet temperatures and one placed
2 cm from the inlet face inside one the central channels.Ggi, NO, CQ and He, were supplied
as compressed gas cylinders by Praxair, andwids generated using a nitrogen generator
manufactured by OnSite Gas Systems. The gases were fed to the reactor with Bromk&eifsdw
controllers. Water was introduced using a Bronkhorst CEM system. The feed gases were mixed and
heated before entering the reactor. All inlet and outlet lines were heated and insulated to prevent
water condensation. The composition of the o was analyzed using an MKS MultiGas 2030
FT-IR. A Hiden HPR20 MSconnected to a capillary for gas sampling within the reactor, known as
spatiallyresolved capillary inlet mass spectrometry (Spasi), was also used to spatially resolve
reaction patternsside the monolith sampl®lore detail about the SpaMS setup can ke found in
previous work[134-136]. Before runnng experiments, the temperature gradient across the catalyst
was checked by flowing inert gas,,Mind ramping the temperature from 80°C to 500°C at 5°C/min.
The maximum temperature difference between the front and the back of the catalyst was about 5°C.
To avoid the effect of exothermic reactions on the temperature, the front thermocouple was used to

compare data.

Furnace
" N
» 1@ @12 13 »l
Quartz tube Sample
inet Outletj

Figure 4-1: Diagram of the monolith reactor.
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Thegas compositions and flow rates during the experimentaneidescribed in Tabld-(L).
Temperaturgorogrammed oxidatio(irPO) was used as the test techniditee feed stream consisted
of CO, GHg or NO, or a combination of £ and NO,always in the preence ofl0% Q, 5% HO,
5% CQ, and N as the balance. Performance was tested under low and high flow rate conditions: 10
and 28 L/min corresponding to space velocities of 19200 and 53780réspectively, at STP (273K
and latm). Th@PO experiments we performed byampingthe temperature frof®0°C to 500°C at
a rate of 5°C/min

For SpaciMS, a silica capillary, 1.D. = 0.3 mm and O.D. = 0.34 mm, was connected to the
Hiden HPR20 MS and placed inside one of the central channels of the monolith. Tlaeycaps
heated along stentire length to avoid condensation. 1000 ppsH«200 ppm NO, 120 ppm He
(added for calibration), 5% 4@, 10% Q, and N as a balance were fed to the reactor, initially set at
80°C. The temperature was then raised to 220°@rAéaching steady state, the capillary was moved
from the inlet (0 cm) to the back (7 cm) of the monolith in 1 cm increments in order to measure gas
composition at 8 different locations along the catalyst length. This was also done at 270°C.

The samplavas pretreated prior to each experiment: the sample was heated to 450°C while
flowing 10% HO, 5% CQ, and balance §then 10% @was added to the mixture for 5 minutes
followed by 2000 ppm of Hfor 5 minutes; and then the temperature was decreased to 80°C before

starting the experiment.
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Table 4-1 : Experiment matrix for TPO .

RUN CO CsHeg NO Flow _rate
[Ppm] [Ppm] [Ppm] [L/min]
1 1000 10
2 1000 10
3 200 10
4 1000 200 10
5 1000 28
6 1000 28
7 200 28
8 1000 200 28

4.4 Results and Discussion

4.4.1 CO Oxidation

The results of the TPO experiment with 1000 ppm CO over both the zoned and homogeneous
samples at different flow rates, 10 L/min and 28 L/min, are shown in Figt®e CO conversion, in
both samples, started instantaneously around 80°C, the onset TRP&hexperiment, and identical
trends were observed up to 30% conversion during the temperature ramp. However, with a further
increase in temperature, the zoned catalyst showed better performance at the higher flow rate. The
light-off temperature, &, of the zoned catalyst was 2°C lower than the homogeresiabystin the
case ofthe lower flow rate, and 4°C lower in the case tb higher flow rate. This difference in
performance increased as the conversion approached 100%. To validate the results and ensure
reproducibility, experiments at high flow rate were repeated and the data were reproducible with a
<2°C maximum difference betweentdasets. Therefore, at low flovates the performance of the
zoned and homogeneous samples could be considered the same as the small diffefgntaisn T
within the margin of error of the data. However, there was a real difference between zoned and

homogeneous sample performancetat higher flow rate. The superior performance of the zoned
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catalyst is due ta higher localized exothermic heat of reaction and lower COpaiétoning during

the warm up period. CO oxidation in DOCs follows a baxkont ignition pattern under these
conditions, a common trend in heterogeneous catalyst systémexethermic reaction21, 137

139. During the cold start emission petjoCO oxidation is inhibited by CO sgibisoning due to

strong CO adsorption on Pt at low temperatures. The zoned catalyst, with a higher Pt concentration in
the front section, oxidizes more CO in the front and therefore accumulates more exotherneaheat n
the inlet of the monolith. This exothermic heat lowers the effect of CEeebning downstream,

plus as more CO is converted in the wgpsin this lowers it furthei22). Figure (4-3) shows the
temperature diff er ¢temperatufecpid)the teraperatereeat 2 cm firan thie imlete

of the homogeneous and zoned catalysts as a function of CO conversion at high flow rate. The
temperature rise is larger in the front section of the zoned sample, indicating that the exothermic heat
of CO oxidation is greater thereby reaching a higher temperature faster than the homogeneous
sample, especially at the lower temperatures. Even though the reaction -®-frack and the
homogeneous sample has more Pt in the back, the conversion ratgs sdamples are equal below

30% conversion. This is because below 30% conversion the exotherm is still forming and is
apparently not significant enough to result in an integral difference (i.e. show a difference between
the two when considering the emticatalyst length) and the rate of heat transfer from the back to the
front by conduction is slow; thus CO conversion rates of both samples are similar. As conversion
increased and as the reaction zone moves toward the front, the zoned sample withinrtbeefRint

section generated more he# the exothermic reacticand reaches 100% conversion faster than the
homogeneous sampland the temperature difference between the zoned and homogeneous samples

increased with increasing CO conversion as shawfigure (4-3). The different stagesfdhe
reactioncan alsdbe reflectedn the slops of the lineswhich correlate to theeaction rates,

in Figure (42).
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Figure 4-2: CO conversion as a function ofemperature. The feed gas consisted of @0 ppm
CO, 10% O,, 5% CO,, 5% H-,0, balanced with N.
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Figure 4-3: Temperature rise at 2 cm from the inlet of the catalyst relative to the inlet
temperature as a function of CO conversion at a feed flow rate of 28 L/min with the inlet

conditions as listed in Figure4-2.
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4.4.2 C3Hg Oxidation

TPO of GHe experiments were also cad out on both catalysts. The results were somewhat
similar to CO oxidation as shown in Figui44). However, unlike CO oxidation, at low and high
flow rates the difference between the homogeneous and zoned samples was observable even at low
conversionAt the higher flow, the difference between the homogeneous and zoned samples was still
more significant. For example, the difference ig,between the zoned and homogeneous samples
was 5°C at the lower total flow rate and 8°C at the higher. Thisateceto the larger exothermic heat
generated by {Hg oxidation relative to CO oxidation; therefore, the differences between the zoned
and homogeneous catalysts were more significant and observable even at lower conversion. Figure
(4-5) shows the temperatirise in the front 2 cm section as a function efl{dconversion for both
samples at high flow rate. As expected, the temperature rise is higher compared to CO oxidation due
to the larger exothermic heat generated. As the conversion increases, the zmesgimoves toward
the front and the temperature rise in the front section reaches its maximum at 100% conversion. Due
to higher Pt concentration in the front section of the zoned sample, the temperature rise in the front
part of the zoned sample was highthan that of the homogeneous sample. Again, the higher
temperature rise indicates a larger exotherm produced in the front part of the zoned catalyst, which
helps prevent the effect ofiis selfpoisoning downstream by oxidizing most of theHgin the

front. The higher exotherm also lowered the light off temperature of the catalyst.

49



100
90
80
70
60
50
40
30
20
10

Coversion [%]

—STD (10 L/min} -Z (10 L/min)

—STD (28 L/min}= =Z (28 L/min)

80 100 120 140 160 180 200 220
Temperature [C]

Figure 4-4: CsHg conversion as a function of temperature. The inkegas consisted of 1000 ppm
CsHe, 10% O,, 5% CO,, 5% H,0, balanced with N..
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Figure 4-5: Temperature rise at 2 cm from the inlet of the catalyst, relatived the inlet, as a

function of C3He conversion at 28 L/min with theinlet gas described in Figure 4.
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4.4.3 NO Oxidation

The results of the NO TPO are showrfigure (4-6). NO oxidation kinetics arslower than
those of CO and s, andarealso thermodynamically limited in the higher end of the temperature
range of interest. Both the homogeneous and zoned samples showed similar trends in terms of light
off temperature, &) and maximum conversion at low and higital flow rates. In NO oidation,
unlike CO and gHg oxidations, increasing the total flow rate did not result in any difference between
the homogeneous and zoned catalydtigese results were expected sintéhie case of N@xidation
there isnegligible exothermic heaand sigificant NO, poisoning[43]. Figure (4-7) showsthe
temperature difference between inlet temperatmne the temperature at 2 cm from the inlet of the
two catalystsat the higher total flow rate. As shown, NO oxidation produced an insignificant amount
of heat in the front section of both catalysts. In addition, analysis of the NO oxidation activity is
conplicated here, as NO oxidation is known to depend on Pt particle size, whegidDon rates
increase withincreasing particle siz§140-145. The zoned sample with more Pt particles
concentrated in the front of the catalyst has larger Pt particles in the front, with a dispersion of 8.5%,
and the homogeneous sample had a higher dispersion, 11.7% (with the back of the zoned sample
having a 39% dispersidnall measured with Hchemisorption). So, although the zoned sample has
larger particle sizes in the front section, the NO conversion stiflssimilar to that of the
homogeneous sample, which may be due to the homogeneous sample having larger particles at the
outlet section, combined with the less significant heat of reaction. Furthermore, NO oxidation is
product inhibited, with N@having a significant poisoning effect. This is due to the high sticking
coefficient of NQ on Pt, with the N@f o voexri d i z iPh makingtithess activg21, 42].
Because of these many factors, it is not clear which effects were more dominant and may have

cancelled each other, resulting in the simtl@nversions observed.
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Figure 4-6 : NO conversion as a function of temperature. The inlet gasonsisted of 200 ppm
NO, 10% O,, 5% CO,, 5% H,0, balanced with N..
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Figure 4-7: Temperature rise at 2 cm from the front of the catalyst, relative to the inlet, as a

function of NO conversion at 28 L/min with theinlet gas described in Figure 46.

52



4.4.4 Oxidation of C3Hg and NO as a Mixture

The performances of thHeomogeneous and zoned samples in the oxidation of a mixture of
CsHs and NO were also evaluated. Results of the TPO experiments are shown in @igyrasd (4-
9). For both low and high total flow rates, the performance of the zoned sample was bettke than
performance of the homogeneous. In Figi48), again the difference insHg light off temperature
T(s0) between the homogeneous and zoned samples was greater at higher flow rate than the lower.
Likewise, Figure(4-9) shows that at the higher flowtea the NO light off temperature of the zoned
sample was lower and reached higher conversion than that of the homogeneous samplds For C
oxidation, the difference in g, between the zoned and homogenous samples was similar to that
observed when justsls oxidation was evaluated (in the absence of NO). For NO oxidation however,
the difference in o, between the zoned and homogeneous samples for the mixture was more
pronounced, more than twice as large, relative to the results from the experimentgusthbl®
oxidation was evaluated (i.e. in the absence $f;C The zoned sample, with more Pt at the front,
was oxidizing most of the 8 in the front section of the catalyst when noticeable NO oxidation was
measured (as will be shown below), leaving thst available for NO oxidation. In addition, the
zoned catalyst can utilize the exothermic heat in the front, causedHayo&idation, to heat the
catalyst faster and initiate NO oxidation earlier. This conclusion is initially based on literature
evidercewhich shows that hydrocarbon and CO oxidation conversion, includiflg, @kes place in
the front part of the catalyst, whereas NO oxidation requiresritire &olume of the monolith56].
Further, Irani et al[21] studied the effect of hydrocarbons on NO oxidation over a model DOC.
Using SpaciMS, they founthat in a GHs/NO mixture, GHg inhibits NO oxidation by preferentially
consuming N@, the product of NO oxidation, relative to,,Gas an oxidant in g oxidation.
Therefore, NQwas observed in the outlet aftesHg was almost completely oxidized. Theved, for

the GHgs and NO mixture, gHg is oxidized in the front zone of monolith, then after it is completely
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oxidized any N@ formed will not react with gHe, resulting in observed NO oxidation in the
remaining part of the catalyst. The zoned catalyst) miore Pt particles in the front, makes the active
CsH;s oxidation zone shorter leaving a larger volume for NO oxidation. To further investigate this,

spatially resolved experiments were used to measghie &d NO concentrations as a function of

catalystiength.
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Figure 4-8: CsHg conversion as a function of temperature. The inlet gas consisted of 1000 ppm
CsHg, 200 ppm NO, 10% Q, 5% CO,, 5% H,0, balanced with N..
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Figure 4-9: NO conversion as a function of temperature. The iet gas consisted of 1000 ppm
CsHg, 200 ppm NO, 10% Q, 5% CO,, 5% H,0, balanced with N..

4.4.5 Spatially Resolved Experiments

The gas species were spatially resolved at 220°C2@A8C under the same low and high
total flow rates: 10 L/min and 28 L/min. The furnace temperature was ramped to 220°C, and then
after reaching steady state, gas compositions were measured at 8 different positions along the catalyst
length by moving the apillary from the front of the catalyst to the back in 1 cm increments. The
temperature was ramped to 270°C and the process repeated. Figl@sand (4-11) show the
results of GHs and NO oxidation at 220°C. In comparing the zoned catalyst with the homogeneous
catalyst at the lower flow rate, the zoned catalyst converted most ogltlgen@Ehin 2 cm, whereas
the homogeneous catalyst took 4 to 6 cm to achieve a similar conversim.aBhsuggested above,
for NO oxidation, the zoned sample indeed had more volume available for NO oxidation compared to
the homogenous sample. For example, the zoned catalyst catalyzed 63 pppfafid@on at 2 cm,

while the homogeneous catalyst onlyppm at the same position. At the back of the monolith, both
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samples were able to oxidize all of theHg however, the zoned sample was still slightly better than
the homogeneous catalyst in terms of NO oxidation, with the difference only 16 ppm. Thius for
low flow rate and mixture case, both catalysts were capable of reaching 1BQ%oGversion and
the difference in the overall NO conversion was relatively small, but the trends inHhar@ NO
oxidation conversions inside the catalysts were sianitly different and support the conclusion that
having more volume available for NO oxidation, by oxidizing the HC species in a smaller zone,
results in higher NO oxidation conversions.
At higher flow rates and 220°C, the differences were again modergviFor example, the
zoned sample reached 70%Hg conversion within half of the catalyst length, however, the
homogeneous sample required the entire length of the catalyst to reach the same conversion.
Consequently, NO oxidation on the zoned samplehezhbigher conversions as it had more volume
with lower GHg concentration available. Overall, for thgHg/NO mixture case, the zoned sample
with more catalyst in the front generates a larger exotherm in the front that heats up the catalyst faster
resulting in more of the ¢Hg oxidized in a smaller volume leaving more volume for NO oxidation.
Figures(4-12) and(4-13) show the results of £l and NO oxidation at 270°C. At the lower
flow rate, the trends in £ls and NO oxidation along catalyst length ammikar for both samples
because the active zones of both samples have moved close to the front of the catalyst at this higher
temperature condition and only a small portion of the catalyst is required to oxighize AT the
lower flow rate, both samplesidized most or all the s using the first 1 cm. NO conversion also
started in this region. However, at the higher flow rate, there was a small difference between zoned
and homogeneous samples igHgoxidation as shown in Figui@-12). The GHg converson in the
zoned sample reached 99% within 2 cm, while it was 90% at the same position in the homogeneous

sample. The difference in performance was also seen in NO oxidation. Overall, these results suggest
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temperature, the differences in performance become more significant.
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Figure 4-10: C3Hg concentration as a function of position at 220C measured using SpaciMS

The inlet gas consisted of 1000 ppm48s, 200 ppm NO, 100 ppm He, 10% & 5% H,0,

balanced with N..
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Figure 4-11: NO, concentration as a function of position at 220C measured using SpaciMS.

The inlet gasconditions are described in Figure 410.
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Figure 4-12: C3Hg concentration as a function of position at 270C measured using SpaciMS.
The inlet gas consisted of 1000 ppm48s, 200 ppm NO, 100 ppm Hel0% O,, 5% H,0,
balanced with N..
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Figure 4-13: NO, concentration as a function of position at 270C measured using SpaciMS.

The inlet conditions are described in Figured-12.
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4.5 Conclusions

The effect of a atalyst axial distribution on the performance of a diesel oxidation catalyst
was studied. Two Pt catalysts were prepared, containing the same amount of Pt; one with a
homogeneous distribution, and one with more Pt concentrated in the upstream sectits SR@su
that the zoned catalyst performed better for CO aht} Gxidation, but the two samples were similar
for NO oxidation. The difference in performance between the zoned and homogeneous samples was
less significant with dower total flow rate and more significant when a mixture of reactions was
tested and at a higher total flow rate. For CO agid ©xidation, the better performance of the zoned
sample was duw a higher catalystipstreantemperature resulting frow larger exothermic heat of
reaction, generated nearer the front of the catalyst and a coincident decreagmisseihg effect.
Spatially resolved gas measurements showed that gND mixture, the zoned catalyst oxidizes
CsHs in a smaller volume at the front part of the monaditmple leaving a larger volume available
for NO oxidation; therefore, the zoned catalyst had better performance than the homogeneous catalyst

in mixtures especially for NO oxidation at low temperature.
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Chapter 5: |l nvestigation of Ther mal Deg
Performanceoaft eBarPeed Cat al yst s

5.1 Abstract

Temperaturgorogrammed oxidation (TPO) experiments were used to evaluate the
performance of uniformly (standard) and namformly (zoned) distributed Pt/AD; catalysts after
homogeneous and heterogeneous thermal degradation. Both catalysts were hamsbgaged in an
oven by expdsg the entire catalyst to 75T in air for 4 hours at atmospheric pressure. In
heterogeneous aging, only the backhaf catalysts were exposed 68&) while the temperature at the
inlet section did not exceed 530. This wa accomplished by pulsing inslds and Q, with an inert
gas between each pulse, for 50 cycles, and using the heat gemnigiatied exothermic oxidation
reactionto thermally age zones of the samples. In all cases the performances of both catalysts after
heterogeaous aging were better thdhose after homogeneous aging, because only part of the
catalyst was damaged in heterogeneous aging, and the homogeneous aging temperature was higher.
The zonecoated catalyst, with more Pt concentrated in the frorthefmonolith, showed better
performance than the standard sample after heterogeneous aging. The reason is that most of the Pt in
the zoned sample, which is located in the front half, was not affected by the more significant aging at
the back of the monolit On the other hand, at a higher total flow rate and higher temperature, the
performance of the homogenously aged zoned catalyst was worse than that of thd,dtecdase
the effect of the Ptich upstream area of the zoned catalyst is lost throughafioon of larger

particles widening the reaction zone into the lessdAtdownstream region.
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5.2 Introduction

It is commonlyknown that all catalysts deactivatl diesel enginexhaust aftertreatment
catalystdeactivationresuls in a gradual decrease performance, resulting in increased emissions
from the vehicle. Catalystcandeactiva¢ via a variety of mechanismicluding sulfur poisoning,
mechanical deterioration, and thermal adibg. With the new restrictions on sulfur conténtdiesel
fuel, new generation ultdow sulfur fuel are expected to contribute less than 1 ppm to the total
sulfur content of the exhaust gfkg], dthough accumulation over time still poses a serious issue.
Thermal degradation occurs when the catalyst is exposed to high temperatures, via a hot inlet exhaust
gas or from exothemnic oxidation reactions occurring on the catalyst surfabe.focus of this study
is catalyst degradation by thermal aging.

Even thoughliesel enginexhaustemperatures relatively low the DOCcan beexposed to
higher temperatusedue toheat generation viaxothermic hydrocarbon oxidatioand duringthe
regeneration of diesel particulate filt§i3PF) [69], where the filter requires temperatures in excess
of 550°C for soot oxidation to commence. For example, during the regeneration of a DPF, the DOC
bed temperaturean reach 850C [14€. In addition,during the lean NDx trap (LNT) desulfation
process, the DOC can legposed to temperatiwaround 65CC, with temperatures in excess of 600
°C requiredto remove sulfufrom an LNT[16, 69]. When the catalyst is exposed to such a high
temperaturecatalystatoms moleculesand particlesaggregateo form larger particles on the surface
of the catalys{71, 72, 147]. This sintering effectresults ina decrease iratalytic activity due t@a
loss of active surface arealith sintering, DOC performancedrops, typically expressed as an
increasein reactionlight-off temperature and ultimately resulting imedued conversion ofkey
species. In addition, DOC thermal as¢ivation can influence thperformance ofaftertreatment
componentsdownstream ofthe DOC, such aghe selective catalytic reduction (SCR) and NT

catalyss. For example, a decrease in NO to Néanversionover aDOC can reduce the SCR
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efficiency since the fast SCR reaction requiegsNO:NO, ratio of 1:1 [28] and reduce LNT
efficiency as LNTcatalysts trap N©more readily than NQL6].

Homogenous aging, by placing the monolith in a furnace so that the entire monolith is
exposed t@ constant temperature, is a common laboratory thermal degradation technique. However,
several studies have shown that, in real iappbns, thermal degradatiaos norruniform [39, 128
139. Lambert et al[39] found that the outlet of the DOC deteriorated the most significantly, after
aging a Tier 2 lightuty diesel truck aftertreatment system to an equivalent of 120,008. is is
because the outlet of the DOC @sposed to thdighest temperatures over time, being relatively
adiabatic and catalyzing a variety of exothermic reacti@msthe other hand, Winkler et[dZ], who
alsotested the catalytic activityf an engine aged DOGound that the degradation was aamform
with the front section moreffected than the rest of the catalydbwever, in he analysis performed,
the authors showed that the particle sizes at the back of the catalyst were larger than in the front,
indicating more thermal degradation had indeed occurred at the outlet section of the DOC. The reason
for the poorer performance tife catalyst front was directly related to chemical poisoning by S, Zn,

P, Mg and CalUsing IRthermography and spatially resolved capillariet mass spectrometry
(SpaciMS), Shakir el a[139, observed that {5 oxidaion follows backto-front light-off, and the
ignition front of the thermally aged sample moved more slowly toward the inlet relative to the non
thermally degraded sample. Using the same technique and methoddiagir, 8 al. results were
confirmed by Russell et a[128, who observedan increase in time for the temperature and
concentration waves to travel though the catathging backio-front ignition. Furthermore the
reaction zonewere spreadarther into the catalyst relative to those observed before aging.

This chapter focuses on the influence of homogeneous and heterogeneous thermal
degradation on the performance atiniformly distributed catalyst (standard) aachon-uniformly

distributed catalyst (zoned). Using the same amount of Pt for both samples, the Pt was
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homogeneousl distributed on the standard sample, whereas the zoned sardpteoha Pt in the
front section and less Pt in the back. To compare the performances of the two samples under different
thermal aging situatian two aging protocols were used, homogeneoushmterogeneous thermal
aging, both representing different conditions in real application. In homogeneousthgisgmple is
heated in a furnace to a chosen temperature so that no temperature gradients exist in the catalyst. This
method represents the eashere the catalyst is exposed to constant and high temperatures, such as
when exhaust gas temperature is the only source of heat. In heterogeneous aging, the sample is
thermally degradedby the heat of exothermic reactions. The heat released from thikeaxic
reaction causes an increase in the temperature of the zone where the reaction takes place, which will
cause a gradient in temperature in the catalyst. These temperature gradients will lead to different
degrees of thermal degradation along the abldabth. This method represents the case when
exothermic HC or CO oxidation occurs on the catalyst causing an increase in tempenater¢he
reaction occurs, thus idistinct catalyst zonesln realapplicatiors degradation is a combination of
both exhast gas temperature and exothermic reactions.

In our previous studyfresh zoned and standard catalysts were comgd&@d The zoned
catalyst with more Pt locatéd the upstream portion and less downstream showed better performance
for CO and GHe oxidaion at higher flow rates due to larger heat generated at the Viimrihe
exothermic reactiorand a decreased seffoisoning effect downstream. In a NQHg mixture, the
zoned catalyst showed higher NO conversion than the standard catalyst becau$é¢hmd3te was
oxidized in a smalolumein the front of the catalyst leaving the rest of the catalyst available for NO
oxidation; whereas the standard catalyst utilized a larger area to oxigHzehds leaving a smaller

volumefor NO oxidation.
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5.3 Experimental Procedures

The uniformly (standard) and namiformly (zoned) distributed catalgstised in this study
were prepared using the same method desciithgarevious work[38]. The Pt/Al,O; monolith
sampleswith a 1.59 g/ifl (97.03 kg/ni) Al,O; loading, 325 celllin( cpsi ) cel |l density,
and a | e nwgerehthermdlly aged using two different aging protscokpresenting
heterogeneous and homogenous aging@DOC. The same protocols were used for lib#standard
and zoned sampdeln the first aging protocol, in order to heterogeneously age the back of the sample,
the front of the monolith was exposed5® pulses of 7000 ppmsBs, 10% Q, 5% HO, balanced
with N, for 10 s at 500C with a gas hourly space velocity (GHSV) of 25 000. ffo avoid over
heating the catalysgninert phase consisig of 5% HO and balanced with Nvaspulsed into the
reacbr for 150 safter each gHg-containing pulse As a result the exothermic €Hg oxiddion
increased the temperature of the front section of the monoli@QGC after 50 cycles, while the
temperature of the back of the catalyst did not exc88d®. The reactor used is neatiabatic, thus
we had to thermally damage the front, switch the position of the sample in the reactor (flipped) to
simulate a sample that is more heavily aged on the downstream section, as was noted by Lambert
[39]. In the second aging protocol, homogeneous aging, the samples were placed im ah ove
atmospheric pressure ang0”C for 4 hours to age the whole sample.

For reaction performance testingetsample wasrapped with 3M insulation and placed in a
horizontal quartz tube with two thermocouples, one in the front andnaihe back of the monolith
each about 1 mm insidthe sample The performances of the heterogeneously and homogenously
aged samples were tested using tempergirgrammed oxidation (TPO) experimenthe inlet gas
consisted oCO, GHs, or NO, or a mixture ofC;Hg andNO, in the presence of 10%,%%H,0, 5%
CO; and N as the balance gaat 80 °C, the inlet gas was fed into the reactor then the temperature

was ramped at £/min to 500°C. TPO experiments were run with two flow rates: 10 L/min and 28
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L/min. To ensure the consistency of teperimental conditions, the catalyst was pretreated before
each experiment by flowing 10%,06% CQ, and 5% HO with a N balance at 500C for 20
minutes, then the temperature was cooled down f€8aith N, only.

The dispersion of thective sites oer the surface area of the cataly&fore and after
homogeneousging was measured using the ¢hemisorption method-or the fresh sample, two
were prepared simultaneously and we assume that they had the same initial dispersions. No
measurements were tak betweerheterogeneous and homogeneous aging protocols as the same
sample was used and the measurements required sample destruction. For the measifferment, d
portions of the monolithic sample were crushed to fine powder. Then the powder wasihaded
Hiden Catalab microeactor and was exposed to 26 pulses of31@d 5 % H, with a He balance for
30 seconds with 1 minute of pure He between each.fddere each measurement, the catalyst was
pretreated in 100 ml/min He at 26 for 25 minutesthen 5% Hwas added and the temperature was
ramped at 10C/min to 450°C. The catalyst was exposed to #80for 30 minutes, then the,kvas
turned off and the temperature was cooled down to°@5before starting the H pulses. H
chemisorption was measured based on irreversibladdorption on a Pt site with a,:Rt ratio
assumed to bé:2. H, chemisorptiorresults showedhat before aging, the dispersion of the zoned
sample was 8.5% at the front and 39% at the back, while #melasd was 11.7%After the
homogeneouthermal aging protocol, the Pt dispersion of the standard sample was 2.4%, whereas the

dispersion of zoned sample was 1.1% at the front and 3.8% at the back.

5.4 Results and Discussion

5.4.1 CO Oxidation

The results of tempature programmed CO oxidation experimeritem the fresh,

heterogeneously aged, and homogeneously aged samples with 1000 ppm CO are shown iB-Figures (
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1) and B-2). In general, the zoned sample showed better performance than the standard sample,
except &#er homogeneous aging with the higher total flow rate and at high temperature conditions.
Table 6-1) shows the lighoff temperature corresponding to 50% conversiag, for both samples

before and after thermal aging.

Table 5-1: Tso 0f CO oxidation for the standard (STD) and zoned (Z) samples before and after
thermal aging.

Sample FR [L/min] Fresh HT* Aged HM* Aged

Standard 10 95°C 109°C 142°C
Zoned 10 93°C 104°C 137°C

Standard 28 105°C 123°C 156°C
Zoned 28 101°C 111°C 146°C

*HT=heterogeneously, HM=homogeneously.
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Figure 5-1: CO conversion as a function of temperature after homogeneous and heterogeneous
aging. Thefeed gas cosisted of 1000 ppm CO, 10% @ 5% CO,, 5% H,0, balanced with N, at
10 L/min.
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Figure 5-2: CO conversion as a function of temperature after homogeneous and heterogeneous
aging. The feed gasonsisted of 1000 ppm CO, 10% @ 5% CO,, 5% H,0, balanced with N, at
28 L/min.

At the lower total flow rate, as shown in Figurel(s CO conversions after homogeneous
aging were more negatively affected thansehafter heterogneous agingor just aginghe back of
monolith For example,in the case of standard samplee difference in J, between the
heter@geneousl y aged s ampd,evasdsfd, fwleerhe gssatweph dee, TpPT
homogeneouslyaged and fresh was 47C. These differences in s§ after heterogeneous and
homogeneous aging were lower in the case of zoned sanmgeedson for the better performance of
the heterogeneously aged sample comparéuetoomogeneously aged sample is tti&}j during the
homogeneous aging the sample wggosed to higher temperature than during heterogeneous aging
and (2) duringheterogeneous aging only the back of the catalgst affectedby exposire to high
temperaturewhereas as in homogeneous aging the whole catalyst was expbggldl temperatures
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Therefore, in all casethe lightoff temperature fothe heterogeneously aged sample was abof€33
lower thanthatof the homogeneously aged sampléads beemeportedn the literaturghat a DOC is
likely to suffer more extensive thermal degradati(sintering) at the outlet compared to the front
[39]; therefore, these results suggest that adeample, with more catalyst concentrated in the front
part, can enhance catalytic performance and durabilligtérogeneouthermal aging is the primary
degradation modeat least to the temperatures studied

In addition, there is a regioat low tempeature when the CO conversions of bothe
standard and zonesmples are identical. For example, CO conversion trends overlap at temperatures
below 86 °C for the fresh sample85 °C after heterogeneous aging, and ¥€7after homogeneous
aging. During this period, the catalyst temperature is low, below the-tifhtemperature of CO, and
the catalyst surface is dominated by CO adsorption, or C@aisibning, thus inhibiting the CO
oxidation reaction. As the catalyst temperature increases, more Gxdiszed, and consequently
more exothermic heat is generated, thereby the effect of C@astfining decreases and the reaction
proceeds faster, which is sometimes called light off. This change in reaction rate is shown by the
black circles in Figures (8). This shift in the reaction rate of theoned sample occurs at lower
temperaturehan the standardhus the cold startperiod was shorter. Our previous study of the
performance of a standard and zoned DOC has shown that the zoned catalgskangghamount of
Pt concentrated at the inlet, lighaff at lower temperature due tioe greater amoutieat releaseda
the exothermic reactioanda lower CO seHpoisoning effect duringhe cold start period. Hence in
the case of zoneoatal catalystthe cold start period was shorter and COofif at lower temperature
[38]. The performance dhe zoned catalyst aftdreterogeneous aging wawre similarto the fresh
than that after homogeneous aging in ®oha short cold start period. The reason for the shorter
cold start period associated with the zoned sample after heterogeneous aging is that heterogeneous
aging primarily damaged the back of the monaglithich containsa smaller amount ddctive sites
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with most of the active sites in the front of the monobiting less affectedrherefore the zoned
catalyst oxidizes more CO in the front, producing more heatarfront compared to the standard
catalyst, thus increasing the temperature of the catalyst faster and coincidentally lowering the effect of
CO selfpoisoning. On the other hand, more cataly&intering of the precious metaih the
downstream sectiowasdamaged on the standard samplth the uniform distribuion. As a result,
the zoned catalystights-off at lower temperature and reaches higher conversion faster than the
standard samplafter heterogeneous agingor this reason, the zoned catalydter heterogeneous
aging, can maintain good performance in terms of lowHightemperature, which is critical fahe
cold start period, when most of the pollutants leave the DOC unrdadi@d50 .

In the case of homogeneous agitige lightoff temperatures of lib samples were higher and
the cold gart period was longethan thoseof the heterogeneolysaged catalystsThis is due to
exposing the entire catalyst to high temperature, thus forming larger Pt particles and lowering catalyst
activity. For example, aft homogeneous aging, the dispersion of the standard sample decreased by
20% and that of the zoned sample decreased by 13% at the front and 10% at the back. It is observed
that during the warm up period, below 20% conversion, the difference betweenrtierdtand
zoned catalyst was smaller after homogeneous aging than that after heterogeneous agingbgs shown
the black circle in Figureb(l). However, as the temperature increases the difference between both
catalysts becomes similar to that after hetenegus aging, with the zoned catalyst having a lower
Tso by 5°C. Studies have shown that at low conversion the reaction occurs at the back and it moves
toward the front as temperatuincreaseg38, 128 151]. Even though tb back of the standard
catalyst contains more catalyst compared to the back of the zoned catalyst, the dispersion was higher
at the back of the zoned catalyst, 3.8%, than that of the standard, 2.4%. Therefore, at low conversion
and temperature, when theaotion occurs in the back, the standard and zoned sasipdsved
similar performance. However, as the temperature increased and the reaction zone propagated toward
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the front, the zoned sample showed slower CO conversion than the standard sample eapecially
higher flow rate. For example, in Figur&-%), it is olserved that the CO conversion with the
homogeneously aged zoned sample slowed dewiien the CO conversion reache@. This is
because at higher temperature and conversion, the reaction zoretesl ivithin the front section of

the monolith, where the zoned sample had lower dispersion, 1.1%, compared to 2.4% for the standard
sample. Therefore, the zoned sample exhibits lower activity than the standard, when the reaction zone
reaches the front dhe monolith.

At higher total flow rate, as shown in Figuredp the differences between the standard and
zoned samples after heterogeneous and homogeneous aging were greater than those at the lower total
flow rate in Figure (51). For exampe, after heterogeneous aging the difference in Hafht
temperature between the zoned and standard sample @asigher than that at the lower total flow
rate. Previous modeling work has shown that the differences between zoned and standard catalysts
become more evident when the catalyst is operating under more severe conditions, such as higher
flow rates, higher levels of reactants, low precious metal content, slow ramp ettefl5]],
consistent with the observations here. The reasons given were related-toddaut ctalysts, such
as the zoned sample in this study, catalyzing more oxidation at the front, resulting in more heat
generated, thus less CO sptfisoning and a more rapid warm up, all relative to a standard sample.
Furthermore, there was a longer period afiksir CO conversion in the low temperature regiofC5
higher than that at the lower total flow rate. This is ultimately due to a greater Ggbiselhing
effect. During the warm up period, prior to ligbff, the effect of heat transfer by convectionrisre
significant than that by conduction because of the higher total flow rate and smaller exotherm
produced. Tts leads taCO conversions for both cadesingsimilar at low temperaturgl51].

Similarly, after homogeneous aging, the overlap period was longer and the diffierégle
off temperature between both samples was higher than that at the lower total flow rate. However, as
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the conversion reached 70% in the zoned sample, the rate of increase in CO conversion slowed,
whereas the CO conversion of the standard sampliégnoed to increase rapidly with temperature.

This could beattributed to more significant agglomeration of the Pt particles in the front section of
the zoned sample, which contains more Pt particles in the front section than the standard sample does.
As mentioned before, leemisorption results showed that Pt dispersion in the front of the zoned
sample was 1.1% compared to 2.4% in the front of standard saftple bigger particlesvere

formed in the front of the zoned sample after homogeneous egaiyeto the standard sampl&o,

as the temperature increadehe reaction zone modeoward the front of the monolitf128 152

153, wherefor the zoned sample more of the active sites are located. High conversiobseamned

when the reaction zone is located at the inlet pofti@§. If more damage was done to the higher
density Pt on the zoned sample, then the reaction zometcshift as far to the front, leaving the back

to do more of the catalysis, which has less active site derBitis is also consistent with previous
observations made whetteermally degrading the catalyst widghe reaction zone and slexdown

its movement from back to frorjtLl2g. After homogeneous aging, the-fth section of the zoned

sample will suffer more extensive agglomeration, and as the reaction zone becomes wider it will
spread to areas with less and less Pt, and the movement from back to front becomes slower and may
not reach the front. Thus the raae CO conversion slows as the reaction zone mal@serto the

front of the monolithThis effect was more evident when the catalyst was operating tive@gher

total flow rate.

5.4.2 C3Hg Oxidation

The results of TPO experiments with 1000 ppghi&after hanogeneous and heterogeneous
aging at lover and higter total flow rates are shown in Figurés3) and(5-4), respectively. Like CO

oxidation, the C3Hg oxidation catalytic performance olie standard and zoned samples was more
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affectaed by homogeneous aginiganby heterogeneous agig expectedTable 6-2) shows the &

for C3Hg oxidation before aging and after heterogenemubhomogeneoweing.

Table 5-2: Tsq 0f CsHg oxidation for the standard (STD) and zoned (Z) samples before and after

thermal aging.

Sample FR [L/min] Fresh HT* Aged HM* Aged
Standard 10 150°C 167°C 198°C

Zoned 10 145°C 154°C 178°C
Standard 28 156°C 179°C 221°C

Zoned 28 147°C 162°C 191°C

*HT=heterogeneously, HM=homogeneously
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Figure 5-3: CsHg conversion as a function of temperature after homogeneous and heterogeneous
aging. The feed gasonsisted of 1000 ppm ¢Hg, 10% O,, 5% CO,, 5% H,0, balanced with N,
at 10 L/min.
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Figure 5-4: C3Hg conversion as a function of temperature after homogeneous and heterogeneous
aging. The feed gas consisteaf 1000 ppm GHg, 10% O,, 5% CO,, 5% H,0, balanced with N,
at 28 L/min.

Like the CO conversion trends, the thermally deactivated zoned sample showed better
performance than that of the standard sample except at the higher temperature/higher total flow rate
conditiors. For exampleat the lower total flow rate, the lightff temperature othe zoned sample
after heterogeneous aging was°C3ower than the lighoff temperature of the heterogeneously aged
standard sample. Theamereasoimg for the superior performance of the zoneangle over the
standard samplapplies hereheterogeneous aging affected the back of the catalyst, thus the zoned
sample, which contains less catalyst in the back and more catalyst in the front, was less affected by
the heterogeneous aging. Similar to @&idation, the performance of the zoned sample, after
homogeneous aging, was better than the performantte efandard sample at the lower total flow

rate. For example, at lower total flow rate, the hgffttemperature J, of the homogeneously aged
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zored sample was €C higher than the fresh, whereas the standard sample w3 Aigher. At

higher total flow rate, 8 L/min, the trend for gHg conversion was similar to that #ite lower flow

rat e, bowvas grediee betypddahe fresh and agedample because the catalyst was operating
under higher flow rate As mentioned before, at higher flow rate more heat is transferred by
convection than that at the lower flow ratieus there is also less impact of conductibimereforethe
light-off temperature moves ta correspondin@pigherinlet temperature, and the difference between
the fresh and aged samplbecomes greater than that at lower flow ratégain, & the reaction
proceeded to higher temperature and convessibove 70%the rate ofC;Hg oxidation conversion
increase becomedower because the reaction zone reaches the front of the monolith, which contains

larger particleshan thoset the front of the standasdmple

5.4.3 NO Oxidation

The results for NO TPO before and after thermal agirigedlbwer and higler flow rates are
shown in Figures 55) and B-6), respectively. The performance tife zoned catalysin NO
oxidation in all cases was better than the standesgecially atthe lower flow rate and after
heterogeneous agingable 6-3) shows the temperatures corresponding to 10% NO conversipn, T
of the standard and zoned samples before and after heterogeneous and homogeneous aging.

Table 5-3: T, 0f NO oxidation for the standard (STD) and zoned (Z) samples before and after
thermal aging.

Sample FR [L/min] Fresh HT Aged HM Aged
Standard 10 112°C 119°C 126°C

Zoned 10 107°C 112°C 113°C
Standard 28 125°C 135°C 150°C

Zoned 28 124°C 125°C 140°C

*HT=heterogeneously, HM=homogeneously
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Like CO and GHg oxidation,NO oxidation after homogeneous aging was affected more than
that after heterogeneous agig. the lower total flow ratefFigure 6-5), thetemperature to reach
10% conversion T1, of the zoned sample was slightly affected by the heterogeneous and
homogeneous agingrocedureswith the differences betweethe fresh and heterogeneously aged
samples being 5 °C and fresh and homogeneously aged sasripding 6 °C. As the temperature
increasedthe NO conversiomprofile of the heterogeneously aged zoned saropieverged to that of
the fresh zoned sampl@&his indicates thaat the lower NO oxidation conversions, or at lower
temperaturesthe reaction rate wa#fluenced ly aging the back of the catalyst, but as the
temperaturencreasedthe performance of the catalyscamesimilar to the fresh. The performance
of the standard sample was worse than the performanttee abned sample after thermal aging
especially afteheterogeneous aging aso,Tand more evidently s, were higher thathose ofthe
zoned sample. For example,the lower flow rate,the NO conversion of the heterogeneously aged
standard sample reach84% at 200°C, whereaver theheterogeneously agembned sample¢he
conversionreache 80% at the same temperature. On the other hand, the homogeneous\@ging
significantly affected bothsamples For example, athe lower total flow rate the Ty, difference
between the fresh and homogeneously aged standard sample &asThs& difference increased to
33 °C for Ts. Similarly the difference between fresh and homogeneously aged zangdewas 6
°C for Tig and 28°C for Ts,. NO oxidation requireghe entire length of the monolithnder the
conditions testei81]. And therefore the changes noted cannot be explained based on the width of a
reaction zone. However, similar logic can be applidte hfluence of heterogeneous aging Vess
significantfor thezoned sample becaus®wre Pt paitles were damaged by homogeneous aging than
heterogeneous aging, and the zoned catalyst, with a higher Pt concentration in the front was less

affected by heterogenedysging the back of the monolith.
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5.4.4 Oxidation of C3Hg and NO in a Mixture

The results of TP@f a C3Hs and NO mixture atthe lower and higter total flow rates after
thermal deactivation are shown in Figurésr}, (56-8), (5-9), and 6-10). Tables %-4) and 6-5) list

the 50% C3Hg conversiortemperatures, sp, and10%NO conversion temperaturegy,.

Table 5-4: Tsq of C3Hg Oxidation in CsHg +NO mixture for the standard (STD) and zoned (2)

samples before and after thermahging.

Sample FR [L/min] Fresh HT Aged HM Aged

Standard 10 201°C 218°C 246°C
Zoned 10 197°C 202°C 216°C

Standard 28 206°C 241°C 268°C
Zoned 28 201°C 217°C 235°C

*HT=heterogeneously, HM=homogeneously

Table 5-5: T, 0f NO oxidation in C3H6 +NO mixture for the standard (STD) and zoned (2)

samples before and after thermahging.

Sample FR [L/min] Fresh HT Aged HM Aged

Standard 10 207°C 221°C 253°C
Zoned 10 202°C 203°C 213°C

Standard 28 214°C 250°C 296°C
Zoned 28 203°C 223°C 260°C

*HT=heterogeneously, HM=homogeneously
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Figure 5-7: C3Hg conversion as a function of temperature after homogeneous and heterogeneous
aging. The ked gas consisted of 1000 ppnl€s, 200 ppm NO, 10% Q, 5% CO,, 5% H,0,
balanced with N, at 10 L/min.
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Figure 5-8: NO conversion as a function of temperature after homogeneous and heterogeneous
aging. The feed gas consisted 0000 ppm GHg, 200 ppm NO, 10% Q, 5% CO,, 5% H,0,
balanced with N, at 10 L/min.
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Figure 5-9: C3Hg conversion as a function of temperature after homogeneous and heterogeneous
aging. The feed gas consisted 0000 ppm GHe, 200 ppm NO, 10% Q, 5% CO,, 5% H,0,
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Like the experiments with only s or NO, in the combinedCs;Hes and NO mixture the
zoned sample showed better performance than the standard sanimetvab flow rates, and the
effect of heterogeneous aging wass significanthan ttat of homogeneous aging\s explained in
detail above heterogeneous agingpactedthe back section of the catalysiore than the front
therefore the zoned sample witie lower Pt concentratiomt the back wasessaffected. Comparing
the zoned and standard samplethatower total flow rate, the difference i@sHs oxidationlight-off
temperature was higher between the fresh and heterogeneous and homogeneoustragineg
standard sampleas show in Figure &-7). At higher total flow rate, the differences in thgHgand
NO oxidation light-off temperatures between the fresh samples and after heterogeneous and
homogeneous aging were larger thawstat lower flow rate, becase the catalysts are working under
harsher conditionsi.e. higher flow rateAging the front of the monolith, whereslds is oxidized,
would increase the width of thesldy reaction zone, hence decreasing the available area for NO
oxidation[38, 12§. This drop in NO oxidation in a mixture with:Es is due to the large Pt particles

formed throughout the monolith that reduce the active site surface area and activity of the catalyst.

5.4.5 Conclusions

TPO experimentsvere used to compare the performance of standard andceated
Pt/Al,O; catalyss after heterogeneous and homogeneous agingndst casesthe zonecoated
catalyst showed better performance than the starsdangble; however, after homogeneous aging, at
the higher flow rate and at higher temperatuiies zonecoateal catalyst was poorer due to more loss
of the effect of the Pt rich zone at the inlet, which is key to high conversiotigesmiting slow
movement of the reaction frotdward the catalyst let under harsher conditioriBhe performance of
the zoned sample after heterogeneous agingsimakar to that of thdreshcatalyst,because most of
Pt particles, concentrated in the front section, were not affected by damaging the back of the sample,

which contains less Pin the case othe C;Hg and NO mixturethe difference betweethe standard
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and zoned catalystvas greater at higher flow rate becaata more significant effect of convective

heat transfer, where the light off temperature is higher and thus when it does occur, the hotter
particles at the front of the zoned catalyst result in higher conversions more guik&lyhe single
reactantreactions, after heterogeneous aging, the performantkeedfoned catalyst was better than

the standard because the damage was less significantupdineam volumehere most of ¢Hs was

oxidized, thus leaving larger volume available for NO oxidation.
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Chapter6: The Effec4 g &0Od HNOOxind a&thieon of
Each Ot haPthasved Di esel Oxi dation C

6.1 Abstract

Diesel oxidation catalyst (DOC) reactions were investigated, witb® GHg or NO added
separately and added as mixtures, to further understand the effect of different reactants on the
performance of a DO@ndervarious inletgas componertonditions. Experimental sets of different
compositions and concentrations of these retetare designed to evaluate the performance of the
DOC (Pt/ALOs) catalyst. Results show an inhibition effect of CQHgE and NO on CO and 85
oxidation. The lightoff temperatures of CO andslds were higher in a mixture than that when
individually tested. When not in a mixture, CO angHginhibited their own oxidation by adsorbing
to the active -poitseeni kgownesapedisallIify at l ow ten
C;H; oxidation eactions were also inhibited by each other due to competition for active sites. The
inhibition effect of CO, GHs, and NO increased with increasing concentrations of each in the feed
gas. On the other hand, hydrogen enhanced CO oxidatlmre literaturesuggests this is due to,H

lowering the activation energy of CO desorption.

6.2 Introduction

In this chapter, some of the data obtained during the course of an Auto2l project are
presented. The project wasnductedn conjunction with the University of Albeat(U of A) and
Umicore, to further understand DOC reactions, in order to develop a more comprehensive and
accurate model. A matrix of experiments was constructed to test the performance of two commercial
catalysts, Pt/AIO; and PiPd/ALOs;, with different compositions of inlet gases. The reactants of
interest were CO, i, NO, and H. Different combinations of these reactants were fed to the reactor

with 10% Q, 10% HO, 10% CQ, 1% or 300 ppm He and,MNis a balance always addéaverse
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hysteresis behaviowas observedwith the CO and €Hs mixture during ignition/extinction
experimentsthus more investigations were done for this specific system and are discussed in the next

chapter. In this chapter, part of the P#@J data is shown. Extra results can be foundppendix B

6.3 Experimental Procedures

A Pt/Al,O; monolith sample, supplied by Umicore AG with a total Pt loading of 98 g/ft
(3.35 kg/m) based on total volume, was used to test the performance of the calithysifferent
inlet gas compositions. The samplas cut to0 . €i@meter with a lengto f 2 . Had a eelh d
density of 400 cpsiA matrix of different combinations and concentrations of the reactants was
constructed to test the performance of thalgats. The reactants of interest were CQ,®Hs, and
NO. In all of these experiments, the feed stream was introduced to the reactor at temperatures below
8 0 e Ctry totawoid any reaction before ramping. Then the temperature was ramped at a rate of
approximately 3eC/ min. When compl ete oxidation
decreasing the furnace temperatureall experimentghe feed stream consisted 1% G, 10%
H,0, 10% CQ, 300 ppm or 1% He, the COglds and/or NOreactant gas(esand N as the balance
gas. The gas flow rate was 9.34 L/min, equivalent to a space velocity of 25'GCSAIP (298K and
1 atm). The outlet gas was measured using #iGhs 2030 FHIR analyzer (MKS) and a HPR20
mass spectrometer (MS). Before running any experiment, a test witmli}X (no reactant) was

performed to check the temperature difference between the front and the back of the catalyst as well

W ¢

astheradialdect i on. The test showed that the maxi mum di

front and the back and 4eC in the radial directi
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6.4 Results and Discussion

6.4.1 CO Oxidation

The results of CO TPO experiments at different CO andtdthcentrations are shown in
Figure @6-1). The catalyst was tested with different CO concentrations in the inlet gas: 500 ppm, 1000
ppm, and 2000 ppm, while maintaining a 3:1 ratio of C@inHall experiments. An increase in CO
concentration in the feed increased the CO dafhtemperature, Fo. The CO oxidation lighoff
temperatures are listed in Tab&1). This increase in lighdff temperature, with increasing CO
concentratin, was due to C®elf-inhibition. The seHpoisoning phenomenon primarily occurs at low
temperaturefor example in Figure6tl) at temperatures below 101°C, in the case of 1000 ppm CO,
and 111°C, in the case of 2000 ppm CO. As the temperature increases above these temperatures, the
CO reaction rate increases rapidly indicating a shift from adG@inatedsurface, to @dominated,
at high temperaturgl06, 107, 109. The effect of different species on CO oxidation wa®stigated
by adding H, CHs, and NO to the feed gas. Figu@2) and Table (&) showthe results. In all
cases 2000 ppm CO was introduced to the reactor with different concentrations of other sgi¢gies. C
and NO inhibited CO oxidation, while ;Hpromoteal the reaction. For example, the ligiit
temperature of CO in the presence ofwhs 16°C lower that in the absence gf Mhis positive
effect of H, on CO oxidation is due to Howering the effect of CO seffoisoning by reducing the
activation energyf CO desorptiorj46]. On the other hand, s8¢ inhibited CO oxidation, with the
CO oxidation lightoff temperature increased by 30 °C when 750 pphi®@as added to the CO +
H, mixture. This inhibition was greater when 600 ppm NO was introduced to the previous mixture as
the CO oxidation lighoff temperature further increased by 21 °C. The negative effectgHafad

NO on CO oxidation are due to competition between theséespend CO for active sit¢35].
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Table 6-1: CO oxidationT sy values withdifferent CO concentrations in the feed.

CO/H; [ppm] Ts0[°C]

500/167 92
1000/333 106
2000/666 115

Table 6-2: CO oxidation Ts, values withdifferent feed gas compositions.

co H, CsHe NO T(50)

Experiment [ppm]  [ppm]  [ppm]  [ppm] [°C]
1 2000 131
2 2000 666 115
3 2000 666 750 145
4 2000 666 750 600 166

100

—CO 500 H2 167
90

80
70
60
50
40

CO Conversion [%]

30
20
10

“1WW','.» il

80 90 100 110 120 130
T[C]

Figure 6-1: CO conversion as a function of temperature with different CO and H

concentrations in the feed.
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Figure 6-2: CO conversion as a function of temperature with different inlet gas compaosition.

6.4.2 C;Hg Oxidation
The results of ¢gHg TPO at different gHs concentrations are shown in Figuée3). Like CO

oxidation, thdight-off temperature of ¢Hg increased with increasing@s concentration in the feed.
Table 6-3) lists lightoff temperatures for different;8s concentrations in the feed. The kinetics of
CsHs oxidation are similar to CO, as both follow the Langrtdinshelwood mechanisii85, 36, 67,

154, in which the reaction occurs after CO gHgand Q molecules are adsorbed on the surface at
two different siteg47, 48, 56]. The increase in g light-off temperature with increasingslds
concentration is due tosBs selfpoisoning. As the temperature increased, the desorption ratelef C
increased and the surface became dominated,byst@ad, just as in the case of CO. To study the
effect of CO on gHg oxidation, CO was added to the inlet gas with the following concentrations: 500

ppm, 1000 ppm, 2000 ppm, while thgHg concentration was maintained at 250 ppm. Fig6ré)(
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shows theresulting CO and §Hg conversions. The g oxidation lightoff temperature increased
with increasing CO in the mixture. This inhibition effect of CO agf{bxidation was again due to
competition between CO andHd; for active sites. CO molecules haveigher affinity in adsorbing
to Pt amdl block active sites making thgtes unavailable for gHg oxidation. Once CO oxidation
begins, sites become free, leading #igoxidation onset. The influence of NO onRHg oxidation
was also investigated, with resubhown in Figure&5). The concentration of NO was doubled in
each run, while maintaining thelds concentration at 500 ppm. Tab®4) shows the ¢Hg oxidation
light-off temperatures with NO in the mixture. The ligiff temperature of s increased \th
increasing NO concentration in the mixture. N@as not observed until thesids was completely
oxidized, because sHs reacts with produced NOJ[21]. HC oxidation has been shown to
preferentially consume the NQelative to Q, thus NQ was not observed until all ;s was
completely reacted. Figuré-6) compares the effect of CO and NO ofidgoxidation and Table6t

5) lists the lightoff temperatures with different inlet gas compositions. Thies@xidation lightoff
temperature increased with the addition of both CO and NO to the mixture. Thisiamhincreases

with increasing CO and NO concentrations in the mixfag.

Table 6-3: C3Hg T oxidation values with different C;Hg concentrations in the feed.

CsHe [pPpm] Ts0[°C]
250 102
500 121
750 136

Table 6-4: C3sHg and NO oxidation Tsg values with different feed gas compositions.
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CsHe [ppm] NO [ppm] CsHe Tso [°C] NO Ts0 [°C]

500 150 165 174
500 300 177 186
500 600 184 194

Table 6-5: C3Hg light-off temperatures Ts, at different feed gas compositions.

CO H, CaHs NO Tso
Experiment [ppm]  [ppm]  [ppm]  [ppm] [°C]
1 500 121
2 1000 333 500 145
3 1000 333 500 150 150
100
—C3H6 250
%0 —c3H6500
80 C3H6 750
x 70
S 60
"g‘so
o
o 40
=
QO 30
20
10
0 N (3
70 80 90 100 110 120 130 140 150
T[C]

Figure 6-3: C3Hg conversion as a function of temperature with different GHgs concentrations in
the feed.
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Figure 6-4: CsHg and CO conversions as a function of temperature with 250 ppms8s and
different CO and H, concentrations in the feed.
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Figure 6-5: C3Hg and NO convesions as a function of temperature with 500 ppm ¢Hg and

different NO concentrations in the feed.
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Figure 6-6: C3Hg conversion as a function of temperature witrand without CO, H, and NO
added

6.5 Conclusions

The oxidation performance of a Pt@®% catalyst when different inlet gas compositions were
fed was investigated using temperatpregrammed oxidation experiments to better understand the
effect of different species on the overall conversion. TPO results showed that;l @ aad NO
inhibited CO and GHe conversions by increasing the oxidation reaction {gfhtemperatures. The
CO and GHs oxidation lightoff temperatures, when tested separately, increased with increasing CO
and GHg concentrations due to a selbisoning effect. When preseimt a mixture, GHs and NO
inhibited CO oxidation by competing with CO for active sites. For the same reastyoxddation
was inhibited by CO and NO.

These experiments actually included both ignition (shown) and extinction, where the

temperature is raped downward while the reaction is still being evaluated. The conversions as a
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function of temperature differ between these two phases, with the activity during COstdgd C
oxidation being higher during extinction than ignition, as will be explained ifotlwving chapter.
However, when these two were added together, the opposite was observed under certain conditions,

i.e. activity during ignition was higher than extinction. This phenomenon was investigated further.
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Chapter 7: |l nver ses Hgséromenon dursiigng CO
Oxi dati aPt k&€t at yst

7.1 Abstract

It is well known that conversion as a function of temperature hysteresis can inccur
exothermic reaction experiments, such as CO oxidation over,®¢Akith the activity during the
ignition process not matching that during the extinction process. Conversions being higher during
extinction than that during ignition are often observed. Several explanations have been proposed in
which heat effects, differg catalyst surface states, and different Pt oxidation states are the most
common. In this work CO oxidation hysteresis behavior, when in a mixture wlth, Qvas
investigated. The results show that whefi{Ovas absent, CO oxidation followed normal hysses
behavior; however, whensBs was added to the mixture, the catalytic activity during the extinction
phase decreased. As thgHg concentration in the mixture increased, the hysteresis loop became
smaller and ultimately reverse hysteresis was obserMagl.decrease in catalytic activity during
extinction was due to the formation ofH oxidation intermediate species. These species competed
with CO for active sites, thus inhibiting CO oxidation, and were not present during ignition as CO

was the dominaradsorbed species when starting at low temperature.

7.2 Introduction

Carbon monoxide (CO) and hydrocarbons (HCs) are pollutants emitted from vehicle engines.
For diesel engines, diesel oxidation catalysts (DOCs) are used in aftertreatment systems to convert

CO and HC species to G@nd HO.

*See AppendixC for permission.
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Even though DOCs provide very effective control of CO and HC emissions at higher
temperatures, durinthe cold start period significant amounts of CO and HCs pass unconverted
through thecatalyst[22, 127]. During the cold start period the catalyst temperature is too low for the
reactions to take place. The oxidation of CO onh& been investigated in numerous studies,
including in the classic work of Langmui85, 48, 106109, 129. CO oxidation is known to occur
through a LangumiHinshelwood duasite mechanismn which the reaction occurs between CO and
O, after both molecules adsorb on the surfigii® 48, 56]. Langmuir and others observed that at high
temperature and excess oxygen, active sites are entirely covered with oxygen and the reaction is
limited by the rate at which CO adsorbs to the surfa6é 107, 109. However, at low temperature
the surface is covered with CO and the reaction is inhibited by strong adsorption of CO on the
surface, a phenomenon known as CO-gelfoning[35, 106 108 109. The effect of CO self
poisoring increases with increasing CO concentratipt8] and decreases with increasing
temperature, witmegligible inhibition above 400C [35, 107]. Voltz et al.[35] found that at low
temperature, CO and;8s are both selnhibiting. Furthermore, in a CO + g mixture, CO inhibits
C;H; oxidation and vice versa due to competitive adsorption over catalytically activg3sites

CO oxidaton ignition and extinction studies show hysteresis behavior, with higher
conversion during extinctiop47, 56, 110-123. Carlsson and Skoglundiil1] explained normal
hysteresis as a combination of three possible reasons: (1) inherent kinetic bistability, (2) interaction
between reaction kinetics and diffusion phenomena, and (3)\iddgh temperatures on the catalyst
surface. Hysteresis, or multiplicity, in CO oxidation on Pt was discussed by Beuschléfaivho
argued that the multiplicity exists when the intrinsic rates of the reaction and chemisorption steps are
of equal size. An alternative explanation of hysterfgisis, 117, 118 123 is the interaction between
surface reaction and diffusion. Hegedus efHl5 concluded that CO oxidation hgsesis behavior
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is due to the interaction of the negatineler kinetics for CO oxidation with the diffusive resistances
of the catalysts. For example, the region of hysteresis was broadened by increasing the diffusion
resistance of the tested PH@} caalyst by partially aging the catalygt19. Oh et al.[11€], who
investigated the role of intrapellet diffosi resistance in hysteresis during CO oxidation over Pt
Al,Os, also showed that the width of converstemperature hysteresis loop is a function of particle
size and it could be eliminated if the catalyst particle size is very small. However, Carlak¢baGkt
concluded that CO oxidation hysteresis is@sated with different ratest which Pt is oxidized and
reduced as function of ggdhase composition, which could also be related to the different oxidation
and reduction rates associated with different partickessianother explanation was put forward by
Gudkov and et al[113, who explained hysteresas| o ¢ a | Afoverheatingo of th
catalyst, caused by relatively slow dissipation of the energy through dispersed catalyst particles. This
was supported in other studies by Subbotinaletf119-121]. According to their results, in an
exothermic reaction, such as CO oxidation, the rate of heat liberated is larger than the rate of heat
dissipated in tbt envi ronment due to the supportos (or
conductivity in which heat iseleasedTherefore, during the extinction phase, when the temperature
of the inlet gas decreases, the temperature drop over the catalyst surfactaldgg warmer. In
addition, it has been observed that the width of hysteresis loop increases with increasing CO
concentration119-121]. In terms of Pt state, Salomons et [@7] modeled CO oxidation during
ignition and extinction using a LH mechanism, with a dissociative chemisorption step for oxygen
requiring two surface sites, whereby ignition and extinction processes corresponded to the two states
of predominantly CO covered or,©overed.

Unlike CO oxidationHauptmann et a[114] have shown that NO oxidation on a Pt catalyst
under excess oxygen conditions exhibits fiinvers

exceeds the activity during extinction. Theason for this inverse hysteresis behavior during NO
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oxidation is that Pt is oxidized by NCand the oxide is less catalytically active than metallic Pt. As
the temperature drops during extinction, the Pt is more highly oxidized than it was duringnjgnitio
leading to poorer performance. In addition, in a CO/NOfixture, CO hysteresis behavior switches
from normal hysteresis to inverse hysteresis, which the authors attributed to reversible oxidation of Pt
[114.

In this study, the hysteresis behavior of CO oxidation in a CGH% Rixture over a Pt/AD;
monolith catalyst was investigated. Specifically, it was observed tiit ltaid a negative effect on
CO oxidation during extinction. To explain the impact, TPO experiments and in situ DRIIFTS were
used, during ignition and extinction, to determine if this was due to temperature or surface changes as

a function of the gHg exposure.

7.3 Experimental Procedures

The Pt/AbO; sample used, witla total Pt loading of 95g/t(3.35kg/mi) based on total

monolith volume, was provided in monolithic form by Umicédté&s. The sampl e was 10

with a |l ength of 2.50. The sample was inserted
a Lindberg Minimite temperature controlled furnace. The temperature was measured wiyipe2 K
thermocouples located ahdial centers of the catalyst; the front one placed 1mm upstream of the
catalyst and the back one just inside outlet face of the catalyst. £g),@D, and Q, were supplied

from compressed gas cylinders by Praxair, andwés generated using a nitroggenerator
manufactured by OnSite Gas Systems. The flow rates of the various gases were controlled by
Bronkhorst mass flow controllers and water was introduced using a Bronkhorst CEM system. The
effluent gas from the reactor was analyzed using a MKS MadtiZD30 FTIR analyzer. A matrix of
experiments with different CO and;is concentrations was run, shown in Talfel), and in all
experiments the feed also contained 10% 0% HO, 10% CQ, and a balance of Nat a space

velocity of 25,000 ht at staard conditions. In all CO + 48 mixture experiments, the temperature
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was ramped from 90°C to 160°C at a rate of 3°C/min. Then the ramping was stopped and the reactor
was cooled by decreasing the temperature of the furnace back toB¥é@= each expearient the
catalyst was treated with 10% @ N, for 20 minutes at 200°C, then the catalyst was cooled down

under N to 90°C for the next experiment.

Table 7-1: CO and G;Hg concentrations during TPO experiments

Run CO [ppm]  CsHg [ppm]

1 500 0
2 1000 0
3 1000 300
4 1000 500
5 1000 800

7.4 Results and Discussion
7.4.1 CO Oxidation

Figure(7-1) shows the results from temperature programmed CO oxidation of 500 ppm and
1000 ppm CO during the temperature ramp up (solid lines) and the temperature ramp down (dashed
lines). The inlet gas temperatures corresponding to 50% CO convergignddring gnition and
extinction are listed in Tablg¢7-2). These data show normal hysteresis behavior. Also, the
temperature difference (T) at 50% conversion
increasing CO concentration. Thus, the width of thetdmgsis loop was larger with higher CO
concentration. Such a trend has been previously observed in several stud@s 226 23] for the
reasons explained in the Introduction section. A potential explanation, based on the possibilities listed
in the Intoduction section, for the increase in activity during extinction is the catalyst surface or

active sites being at a higher temperature than the measured temperature due to the heat generated by
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the exothermic reaction and thermal inertia of the cataly&t ¢atalyst temperature change lags
behind the inlet temperature change during the ramp d¢d¥]. Data in Figure {-1) and
temperaure differences listed in Tabl@-2) support this theory. It can also be related to Pt surface
coverage and Pt chemical stfhé, 111, 115, or a combination of these effects. As mentioned above,
during ignition catalytic activity increases, but initially the Pt surface is predominantly covered with
CO and the reaction is CO selbisoned[56, 111, 155. At higher temperature, once the reaction
reaches completenversion, all adsorbed CO is converted and the Pt surface becomes predominantly
covered with @ Therefore, during extinction, as the temperature decreases below the temperature of
complete conversion, the catalyst can remain active until adsorbed ©@® dgqui which is slowed due

to the locally high temperatures of the active sites. The data in Kigdjendicate that CO coverage
inhibited the reaction at low temperature, CO -gdfibition, and this affected the reaction during
ignition of course, but only affects the extinction phase once the inlet gas temperature was much
lower.

Table 7-2: Ignition and extinction T sq CO oxidation values in a gas mixture including 10% @,
10% H.,0, 10% CO,, balanced by N at a GHSV 25,000 H.

CO [ppm] Ignition T [°C] Extinction T [°C] P T |

500 95 87 8
1000 120 108 12
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Figure 7-1: Temperature-programmed CO oxidation with the following inlet conditions: 1000
ppm or 500 ppm CO, 10% HO, 10% CO,, and 10% O, over a Pt/AlL,O; monolith.

7.4.2 CO + C3Hg Oxidation

The results offPO, during heating and cooling, with a CO argH{mixture are shown in
Figures(7-2) and (7-3). The inlet gas mixture consisted of differendHg concentrations (300 ppm,
500 ppm, 800 ppm), 1000 ppm CO, 10%0:10% Q, 10% CQ, and balanced by NNFigure(7-2)
shows CO conversion as a function of inlet gas temperature at diffe@gdCO ratios. When ¢Hg
was not present in the inlet mixture, CO conversion exhibited normal hysteresis behavior as the
ignition temperature at lower conversions waghhbr than those for extinction. However, whesdg
was added to the mixture, the temperatures required to achieve certain conversions during the
extinction phase increased and the hysteresis loop became smaller(7F8blhows temperature
differences btween ignition and extinction corresponding to 20%, 50%, and 80% conversion. As the

C3H¢/CO ratio increased, the extinction conversions continued to shift to higher temperature. At a 0.8
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C;Hg/CO ratio, the extinction temperatures, for conversions less108%, became higher than the
ignition temperatures, reverse hysteresis, as shown in TaB)gwith a negative difference between

the ignition and extinction temperatures representing reverse hysteregig)c@version as a
function of inlet temperate is shown in Figur€7-3). Like CO conversion, increasing thegHg
concentration increased the temperatures to reach a certain conversion during the extinction phase and
the hysteresis loop became smaller. TqBHd) lists the temperature differencestiween the front

and the back of the monolith at maximum conversion for the CQHg Rixtures. The difference

bet ween front and back t e mp egHgirthe mixture, bpWweverjthecr ea s e d
hysteresis loop became smaller as the temyeraequired to sustain maximum conversion increased

during extinction. This is therefore not explained bytibat generated by tlexothermiaeactionsor

overheating theory that was proposed in many studies. Based on the overheating theory, the higher

the concentration of reactant in the feed, the higher the exothermic heat released, and the larger the
hysteresis loop should have become. However, these results with theHg@i&ture showed that

the hysteresis loop became smaller whgHs&oncentratia, and consequently exothernmgaction

heat generated, increased.

Table 7-3: (T gnition - Textinction) &t T(20), T(s0), @nd T(gg), Of different inlet C3Hg concentrations,
1000 ppm CO, 10% Q, 10% H,0O, 10% CO,, balanced N at a GHSV 25,000 H.

CsHe
CO[ppm] [ppm]  ®H[°C] PE[°C] @TE[°C]
1000 0 13 11 10
1000 300 2 5 5
1000 500 0 2 3
1000 800 -3 -3 -4
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Table 7-4. Difference between back and frontemperatures, (p T at maximum conversionwith
different combinations of CO and C;Hg with 10% O,, 10% H,0, 10% CO,, and balanced N at
a GHSV 25,000 H.

CO[ppm] CsHg[ppm] @ T |

1000 0 23
1000 300 30
1000 500 38
1000 800 56

100 R -
’ ’
Normal )
/!
Hysteresis /
1
80 r ’ Inversed

N K Hysteresis
c 60 _l.'
=} \
7 ./
$ ! /
S 20 N —heating ( CO 1000 ppm)
o : /- cooling (CO 1000 ppm)
o

,/ —heating (C3/C0 0.3)
- - cooling (C3/C0 0.3)

20 —heating (C3/C0 0.5)

- - cooling (C3/C0 0.5)

—heating (C3/C0 0.8)

0 . - - cooling (€3/C0 0.8)
90 100 110 120 130 140 150 160

Inlet gas temperature [°C]

Figure 7-2: Temperature-programmed oxidation of CO/C;H¢ mixture at the following inlet
conditions: 1000ppm CO, 10% HO, 10% CO,, 10% O,, with different amounts of CsHg over
the Pt/Al,O; monolith.
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Figure 7-3: Temperature-programmed oxidation of CO/C;H¢ mixture at the following inlet
conditions: 1000ppm CO, 10% HO, 10% CO,, 10% O,, and different amount of CsHg over a
Pt/Al,O3; monolith.

7.5 DRIFT Spectroscopy

In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was used to
investigate species formation on the catalyst surface in the presence of th#lQ0iGure during
ignition and extiction tests. DRIFTS spectra were recorded at 100, 120, 140, and 160°C, first
increasing from 100 to 160°C, as in ignition, then decreasing back to 100°C, as in extinction. In order
to understand the difference between what occurred during ignition vexsostion, in terms of
catalyst surface coverage, DRIFTS spectra obtained with exposure of th®©Ppéivder to 1000
ppm CO and 0 or 600 ppmsids are shown in Figuré7-4). In the absence of;8;, the species
formed on the surface, G@t 23002400 cnt, blue circle, CO at 2002200 cni, red circle, and
carboxylate groups at 154000 cni [156-159, green circle, during ignition are similar to the those
present during extinction, with the spectra overlapping, Fifide(A)), except for the peak at 1596
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cm® which corresponds to the presence of bidentate carbonate species on the surface during
extinction. This peak indicates that bidentate carbonate species are CO oxidation internoediates
byproductghat built up on the surface as the temperature decreased during the extinction phase.

On the other hand, in the case of exposure to the CeMHgrixture, Figure(7-4-(B)), more
species are present during extinction than during ignition. The peaks betwee24P800m" are
assigned to Cobound to Pt and C{yas, and were present in both ignition and extinction and they
follow the same trend in ternts intensity. Similarly, in both phases, the peak at 2067, @ssigned
to Pt bound CO, was seen at low temperature, but it disappeared at temperatures above 140°C. Unlike
Figure (7-4-(A)), at temperatures below 120°C, the peak at 2067 ('aCO) was pesent and the
peaks at 230@400 cnT (CO,) were absent in Figui@-4-(B)). The absence of the GPeak, and the
CO peak being present at higher temperafake®it this may be associated withHg oxidation as
discussed below, is consistent withHg inhibition of CO oxidation[35]. Furthermore, CO is an
intermediate product of £ oxidation during the extinction process, as discussed below; therefore,
in the presence of 8 the peak at 2067 chappeared at higher temperatures and with greater
intensity than in the absence ofHg. The peaks increased in intensity as thel{&onentration
increased. As verification, in tests with onlyHg (i.e. with no CO in the mixture, data not shown),
peaks in this range also appeared during extinction, demonstrating that these were associated with
CsH; oxidation intermediates. For this reastine CO peak in FiguréZ-4-(B)) is related to gHe
oxidation rather than CO in the feed. In addition, between 1700 and 13b®none peaks were
observedwvith CsHg in the mixturerelative toin its absence, as shown in green circles in Figiws.
Forexample, in the presence ofHg the peaks at 1662 to 1560, 1456, and 1388 @ssociated with
different carboxylic groupEL56, 157, 1591627, were higher in intensity during extinction, relative to
ignition. During extinction, as the temperature decreased, the oxidation of these irdézrapdcies

slowed, allowing them to remain longer and therefore build up. The peaks at 1652 and 1456 cm
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assigned to surface and bulk bicarbon§iéss-159, respectively. The peaks at@8%and 1388 are
attributed to formate speci€s56, 164. This indicates that in the presence gHE more bicarbonate

and formate species are present during the extinction process. At high temperatures these
intermediates were easily oxidizduljt as the temperature dropped, they huplton the surface and
compete with CO for active sites, thus inhibiting CO oxidation during extinction process.

Overall, these results show that intermediate species form dugliygoidation and that the
amountson the surface during ignition and extinction differ. The data suggest that during the
extinction phase, these intermediates compete with CO for, or block CO from, active sites. For this
reason, CO oxidation during the extinction phase was inhibitedinhiigtion stems from the build
up of different carboxylic, bicarbonate, and formate species as the temperature dropped. Thus, as the
CsHs concentration increased in the mixture, more intermediate species were present on the surface

and CO oxidation duringxtinction moved to higher temperature.
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Figure 7-4: DRIFTS spectra recorded during ignition and extinction phasest different steady

state temperatures with 1000 ppm CO and (A) 0 ppm ¢ and (B) 600 ppm GHe,.
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7.6 Conclusions

The oxidation of CO and CO +3;8s over Pt/ALO; was studied, during both ignition and
extinction. The results show that CO oxidation exhibits normal hysteresis in the absengt.of C
However, in a CO + §Hg mixture, as the gHg concentration increased in the mixture, CO agd:C
normal hysteresis behiar shifted to inverse hysteresis, with the catalytic activity during extinction
phase lower than that during ignition. The decrease in catalytic activity during the extinction phase in
the CO + GHe mixture was due to the formation of intermediatgHg oxidation species. These
intermediate species, carboxylic groups, carbonates, and &stmampete with CO for active sites,

thus inhibiting CO oxidation during extinction.
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Chapter8:Concl usi ons and Recommendat

8.1 Conclusions

In this study different aspects of Ptk oxidation catalyss were studied including the
effect of axial distribution of the catalyst and species interaction on the overall perforriidueckxst
part focuse®on the performance and durability afuniformly distributed catalyst (standard) aad
nonuniformly distributed catalyst (zoned), with more Pt concentrated at the inlet of the cavdlyst,
different inlet gas compositions and total flow rates. Results showed that the performance of the
zonedcatalyst was superior to that of the standard for CO ahid &idationreactiors, whereas the
two samples were similar for NO oxidation. At a hégtotal flow rate andvith a mixture of reaetnts
(i.,e. GHs and NO) the difference between tlmned andstandard samples wasore significant;
however, at a loer total flow rate and a singleeactant casthe difference was less significant. For
CO and GHg oxidation, the temperature profile inside the catalyst showed that the zoned sample
producedmorehed in the frontvia the exotherm generated during the oxidation reactimthere
was acoincident lower seHpoisoning effect. Hencéhe performance of the zoned sample was better
than that of the standard sample. In;&l#NO mixture, spatially resolvegas measurements showed
that the zoned sample utilizasmaller volume at the front of the monolith to oxidiz¢i€leaving a
larger volume for NO oxidation. The zoned sample, therefoag, better performance than the
standard sample ithis mixture espcially at low temperature. Catalyst durability was tested by
thermally degradinghe whole catalyst flmogeneous aging) and the back part onbtélogeneous
aging) to simulate different conditions that the catalyst experdeinca real application. Thieral
aging results showed that the performance of the zoned catalyst was bettbathafthe standard
catalyst. The performance of the zoned sample was not greatly affected after heterogeneous aging
because most of the Pt particles, located in the frartt remained unaffected by exposing the back,

which contains less Pt particles, to high temperature. At a high total flowthatete of conversion
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increase with temperature f@0O and GHe oxidaion in the zoned sample slowed down as the
reaction zone moved toward the front, which contains larger Pt particles, thus Pt sintering was greater
in the front of the zoned sample compared to that of the standard sample.

In the second part of this worthe effect ofreactantspecies interactianon a commercial
Pt/Al,O; catalyst was investigated using a matrix of experiments with different inlet gas
compositionsResults showvthat ina reactioninvolving only one of the species of intere€O and
CsHg inhibit their own oxidation due tanincreasingselfinhibition effect.When there is aixture of
the key speciesCO, GHeg, and NO inhibit each other oxidation because of cornipet@dsorption on
active sites. In contradt, promotes CO oxidation becase it reduces the effect of CO sgihibition.
Studying the CO + §Hs reactions during ignition and extinction producatinteresting hysteresis
phenomenon assHg concentration increased in the mixtuhe.the absence of £ CO oxidation
exhibits nornal hysteresis as CO conversion during extinction occurred at lower temperature than the
conversion during ignition. In the presence togh levels of CsHg, however, normal hysteresis
behavior shifts to inverse hysteresis. tAe C;Hg concentration increaddn the CO+ GHg mixture,

CO conversion during extinction aaeed at higher temperature th@® conversion during ignition
DRIFTS results showthat this inhibition effecton CO conversion during extinction is due to the
presence of gHg oxidation internediates including carboxylic groups, carbonates and fesnthgt

compee with CO for active sites, theremhibiting CO oxidation during extinction.

8.2 Recommendations

A maingoalof this thesis researahas to improve the performancea®OC by utilizing the
catalyst more efficiently. In addition, studying the interactions between different spelpass
understandhe mechanism andhemistryonthe DOC surface Based on the experience gained in this
work, several recommendatiomseproposed for the future wotk improve the design and

performance of DOC
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The effect of Pt loading on theerformancef the standard and zoned catalsisbuldbe
studiedi as more significant differences may be observed

The effect of chemical degradati@.e. SO, poisoning)should be tested on the zonbdsed
catalyst and compared with the homogeneously distributed cathtyst performance of
standard catalyst shows better performance than thedned catalyst after S@oisoning,

the twozoned catalyst can be retailotedovercome the effect of SQoisoningby possibly
including an upstream Abuffero zone

The performance of catalystkould be tested underlarger variety ofhermal degradation
conditionsso theeffect of different sintering rates oriffégrent zones of the monolith can be
more fully understood.

The effect of hydrocarbons dhe CO hysteresis behavior could be further investigated by
turning off the inlet flow ofC;H¢ at high temperature amdnningTPR with H; in order to
change in extinction process in a clean surface.

The inverse hysteresis phenomenon was observed at different combinations of CO + NO and
CsHs + NO, thus more investigation on the extinction phase of these reactions can better

explain the behavior of catalytic converters during accelerating and decelerating.
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Appendix A

Statistical Analysis

A.1 ICP Results

The validation of preparation methods used to make the standard andoabee catalyst
was checked by measuring the total loading of active metal. ICP was used to measure thenoading
the standard and zoned cataty3the sample was prepared for ICRigsis by crushing the monolith
sample into fine powder, then dissolving the powder into different acids in order to make liquid
solution of the tested metal. These procedures were described earlier in deltaipier 3. Due to the
high cost of Pbasedcatalysts, Cébased catalysts were prepared to practice cagalgparationICP
results of the Cdased catalysts, 2 si@dard and 2 zoned, are show iable (Al). The eror
associated witlbhe standard catalyst loading was very low, less than 3% fhrdambples. Similarly,
the errorassociated with the loading measurementhef back of the zoned catalyst was about the
samefor both samples, less than 7%. The calculated error fdrahesectionloadingwas higher, but
still less than 10%. This variah of the front loading, from 3.5% up 9.2%, idikely due tothe need
for multiple dips of the front partpotentially compounding the ertddverall the errors weledged

to below and the methods used acceptable.

Table A- 1: ICP results of Cobased samples.

Sample No. Type Loading %  ICP results Error %
1 Standard 5 4.887 2.26
2 Zoned (F) 4 3.630 9.26
3 Zoned (B) 1 0.931 6.94
6 Standard 5 4.895 2.10
7 Zoned (F) 4 3.860 3.51
8 Zoned (B) 1 0.934 6.64
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A.2 TPO Results

In the experiments severahriables were measuréacluding the temperatuseat different
positions in the reactor, and the concentration of various species such asHgON@, NQ,, CO,,
and HO. Statistical analysis is important to identify the accuracy and reliability of the measured data
based ona few experiments. In addition, statistical analysis can also identify the source of
experimental error and test the effect of different variableshe output without wasting time and
money to runextraexperiments. This section presettie Normal ProbabilityPlot and Hypothesis
Testing, used to check if the data folloa normal distribution and if the results are repeatable

(reproducibility). Inaddition the error with each instrument is provided.

Uncertainty

All measurements are subjects to uncertainty. Uncertainheafdvices used is reported in

Table (A2). These values are obtained from the associated mdtbjls

Table A- 2 : Uncertainties associated with Instruments.

Instrument Uncertainty (+)
Mass Flow Controllers 0.5% of the max. value
Heating System 0.8 °C

Reactor Thermocouples 1°C

FTIR (MKS) 0.9% of the reading
MassSpectrometry 2-5% of the reading

Reproducibility

The reproducibility of the data was measured to ensure that the experiments can be repeated
in the future using the same conditioddthough some of the TPO experiments werdy once

repeatedthe repeatfiave showrgood agreement with the original experimeais shown in Figure
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(A-1). Thus thestandard deviations were calculated based on the dakes from the MKS and
thermocouplemeasurements reported frable (A2). CO oxidation TPO at tal flow rate of 10
L/min with the inlet gas composed of 1000 ppm CO, 10%6@% CQ, 5% HO, and N balance was
repeated for botthe standard and zoned sampl&he error barfor theseCO oxidation experiments

are shown in Figure (&). The repeats dboth samples fall within the error hatthough admittedly
barely, indicating that the experiments are reproducible and the variation between different

experiments was small.
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Figure A- 1: CO oxidation as a function of temperature of the standard and zoned sample

experiments with the repeats.
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Figure A- 2: CO oxidation as a function of temperature with the error bar corresponding to its

standard deviation.

Normal distribution

Normal distribution is widelysed in science to describe the trend or behavior of data set or

to simplify a complex phenomenon. For example, experimental error due to observation is usually

assumed to follow a normal distribution and error propagation is computed using this assumption.

The normal probability plot is a technique used in statistics to test whether or not a data set is

normally distributed. It is based on a graph where the data are plotted against a theoretical normal
distribution values. Normally distributed data will produg straight line. If there is a deviation from

a straight line, then the data are not-monmally distributed. To apply normal probability plot test,

first the data are sorted from smallest to highest starting with the smallest value equals to 1. Second
the data are ranked using equation (A.3 wher e is the rank of the

total number of data points.
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Rank (OB)N = ( (A.3)

Third the corresponding expected value eaich value of (P) is found either in normal
probability distribution table (Zralues) or using NORMSIN(P) function in excel. Finally, the
expected theoretical value is plotted as a function of observed data. If the data points are normally
distributed, itwill form a straight line. Normal probability plot tables for standard and zeasetples
are shown in tables (B) and (A6) respectively. These temperatymogrammed experiments (TPO)
were run at 28 L/min, 1000 ppm CO, 5% 5% CQ, and 10% @ balancedwith N,. Normal
probability plots of the standard and zoned samples are shown in FigeBesid (A4). As seen in
both figures, the data forms approximately a straight line, which indicates that both catalysts data are
normally distributed. The valuef ohe coefficient of determination, R2, was close to 1, 0.9719 for
standard sample and 0.9715 for zoned sample, which indicates that the model accounts for the data

variation with high percentage.

Table A- 3: Normal probability plot table for CO oxidation (standard sample).

Conversion Expected

[%] Rank [i] P (rank) Value
0.043 1 0.024 -1.981
5.043 2 0.071 -1.465
10.064 3 0.119 -1.180
14.507 4 0.167 -0.967
20.204 5 0.214 -0.792
24.949 6 0.262 -0.637
30.203 7 0.310 -0.497
34.499 8 0.357 -0.366
40.463 9 0.405 -0.241
44.910 10 0.452 -0.120
50.621 11 0.500 0.000
54.940 12 0.548 0.120
60.342 13 0.595 0.241
64.646 14 0.643 0.366
69.937 15 0.690 0.497
74.763 16 0.738 0.637
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80.507 17 0.786 0.792
84.799 18 0.833 0.967
90.424 19 0.881 1.180
95.024 20 0.929 1.465
99.917 21 0.976 1.981

Table A- 4: Normal probability plot table for CO oxidation (zoned sample).

Conversion Expected

[%0] Rank[i] P (rank) Value
0.347 1 0.024  -1.981
5.280 2 0.071  -1.465
10.037 3 0.119  -1.180
14.962 4 0.167  -0.967
20.234 5 0.214  -0.792
25.028 6 0.262  -0.637
30.213 7 0.310  -0.497
35.059 8 0.357  -0.366
39.499 9 0.405 -0.241
45.018 10 0.452  -0.120
49.888 11 0.500 0.000
54.446 12 0.548 0.120
60.474 13 0.595 0.241
65.441 14 0.643 0.366
69.965 15 0.690 0.497
75.536 16 0.738 0.637
80.101 17 0.786 0.792
84.294 18 0.833 0.967
90.354 19 0.881 1.180
95.016 20 0.929 1.465
99.920 21 0.976 1.981
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Figure A- 4: Normal probability plot obtained from data taken usingthe zoned sample.
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Appendix B
Auto21 Data

In this sectionthe rest othe Auto21 datasome ofwhich was discussed in Chapter 6, are
presented including: NO oxidation, CO +Hg + H, mixtures, and CO + s + NO + H, mixtures.

Thesearesimply presentedor further reference
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Figure A- 5: NO conversion as dunction of temperature with different NO concentrations in
the feed.
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Figure A- 6: CO conversionas a function of temperature for aCO + C3Hg + H, mixture with

different inlet gas compositions.
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Figure A- 7 : C3Hg conversionas a function of temperature for aCO + C3Hg + H, mixture with

different inlet gas compositions.
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Figure A- 8: CO conversionas a function of temperature for aCO + C3Hg + NO + H, mixture
with dif ferent inlet gas compositions.
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Figure A- 9: C3;Hg conversionas a function of temperature for aCO + C;Hg + NO + H, mixture

with different inlet gas compositions.
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Figure A- 10: NO conversion as a function of temperaturdor a CO + C3Hg + NO + H, mixture

with different inlet gas compositions.

The reproducibility of these data was also measured to ensure that the expearaents
meaningful Three repeats of CO oxidation TPOtaial flow rate of 9.34 L/min with the inlet gas
composed of 500 ppm CO, 10%,@0% CQ, 10% HO, and N balanceareshown in Figure (AL1).
Based on these repeats the standard deviation was caldoldied.4 °C. The repeatsvith the error

are shown in Figure (A2).
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Figure A- 11: The repeats ofCO oxidation as a function of temperature (Auto21).
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Figure A- 12: CO oxidation as a function of temperature with the err@ bar corresponding to

its standard deviation (Auto21).

121



Appendix C

Permissions

This is the permission of Chapter 4 that is published in Catalysis Today Journal.

Order Number
Order Date

Licensed conterpublisher

ELSEVIER ORDER DETAILS
Sep 15, 201
500698493

Sep 15, 2012
Elsevier

Licensed content publicatio Catalysis Today

Licensed content title

Licensed content author
Licensedcontent date
Number of pages

Type of Use

Portion

Format

Are you the author of this
Elsevier article?

Will you be translating?
Order reference number

Title of your
thesis/dissertation

Expected completion date

Estimated size (number of
pages)

Elsevier VAT number

Improved CO, hydrocarbon and NO oxidation performance using
zonecoated Rbased catalysts

Ali Abedi,JinrYong Luo,William S. Epling
15 May 2012

1

reuse in a thesis/dissertation

full article

electronic

Yes

No

The Effect of an Axial Catalyst Distribution on the Performance o
Diesel Oxidation Catalyst and Inverse Hysteresis Phenomena du
CO and C3H6 Oxidation

Sep 2012
130

GB 494 6272 12

122



This is the permission of Chaptethiatis published in Catalysis Lettedsurnal.

SPRINGER LICENSE
TERMS AND CONDITIONS

Sep 15, 201

This is a License Agreement between Ali Ab@diou") and Springer ("Springer") provided by

Copyright Clearance Center ("CCC"). The license consists of your order details, the terms ar

conditions provided by Springer, and the payment terms and conditions.

License Number

Licensedate

2990440459464
Sep 15, 2012

Licensed content publisher Springer

Licensed content publicatio Catalysis Letters

Licensed content title

Licensed content author
Licensedcontent date
Volume number

Issue number

Type of Use

Portion

Number of copies

Author of this Springer
article

Order reference number

Title of your thesis /
dissertation

Inverse Hysteresis Phenomena During CO aghtl Oxidation over a
Pt/A|203 Catalyst

Ali Abedi

Jan 1, 2012

142

8
Thesis/Dissertation
Full text

1

Yes and you are the sole author of the new work

The Effect of an Axial Catalyst Distribution on the Performance o
Diesel Oxidation Catalyst and Inverse Hysteresis Phenomena du
CO and C3H6 Oxidation

123



Expected completion date Sep 2012
Estimated size(pages) 130

Terms and Conditions

Introduction

The publisher for this copyrighted material is Springer Science + Business Media. By clicking
"accept" in connection with completing this licensing transaction, you agree that the followinc
and conditions applto this transaction (along with the Billing and Payment terms and conditio

established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your

Rightslink account and that are available at any tintdtpt//myaccount.copyright.com

Limited License
With reference to your request to reprint in your thesis material on which Springer Science al
Business Media control the copyright, pernossis granted, free of charge, for the use indicatec

your enquiry.

Licenses are for osme use only with a maximum distribution equal to the number that you

identified in the licensing process.

This License includes use in an electronic form, provided its password protected or on the
uni versityds intranet or repository, i ncl
http://www.sherpa.ac.uk/romeo/). For any other electronicplease contact Springer at

(permissions.dordrecht@springer.com or permissions.heidelberg@springer.com).

The material can only be used for the purpose of defending your thesis, and with a maximun

extra copies in paper.

124


http://myaccount.copyright.com/App/PaymentTermsAndConditions.jsp

Although Springer holds copght to the material and is entitled to negotiate on rights, this licel
only valid, provided permission is also obtained from the (co) author (address is given with tr
article/chapter) and provided it concerns original material which does notefargnces to other

sources (if material in question appears with credit to another source, authorization from that

is required as well).

Permission free of charge on this occasion does not prejudice any rights we might have to ct

reproducion of our copyrighted material in the future.

Altering/Modifying Material: Not Permitted

You may not alter or modify the material in any manner. Abbreviations, additions, deletions &
any other alterations shall be made only with prior written aizdwion of the author(s) and/or
Springer Science + Business Media. (Please contact Springer at

(permissions.dordrecht@springer.com or permissions.heidelberg@springer.com)

Reservation of Rights
Springer Science + Business Media reserves all rights ndfispi granted in the combination o
() the license details provided by you and accepted in the course of this licensing transactior

these terms and conditions and (iii) CCC's Billing and Payment terms and conditions.

Copyright Notice:Disclaimer

You must include the following copyright and permission notice in connection with any reprot
of the licensed material: "Springer and the original publisher /journal title, volume, year of
publication, page, chapter/article title, name(s) of authdi¢glre number(s), original copyright

notice) is given to the publication in which the material was originally published, by adding; w

125



kind permission from Springer Science and Business Media"

Warranties: None

Example 1: Springer Science + Businessdid makes no representations or warranties with res

to the licensed material.

Example 2: Springer Science + Business Media makes no representations or warranties witt
to the licensed material and adopts on its own behalf the limitationdsatairders established by

CCC on its behalf in its Billing and Payment terms and conditions for this licensing transactio

Indemnity
You hereby indemnify and agree to hold harmless Springer Science + Business Media and (
their respective officerslirectors, employees and agents, from and against any and all claims

out of your use of the licensed material other than as specifically authorized pursuant to this

No Transfer of License
This license is personal to you and may not tidicensed, assigned, or transferred by you to an

other person without Springer Science + Business Media's written permission.

No Amendment Except in Writing
This license may not be amended except in a writing signed by both parties (or, in the case ¢

Springer Science + Business Media, by CCC on Springer Science + Business Media's behall

Objection to Contrary Terms

Springer Science + Business Media hereby objects to any terms contained in any purchase

126



acknowledgment, check endorsement or othémg prepared by you, which terms are inconsist
with these terms and conditions or CCC's Billing and Payment terms and conditions. These t
and conditions, together with CCC's Billing and Payment terms and conditions (which are
incorporated hereinfomprise the entire agreement between you and Springer Science + Bus
Media (and CCC) concerning this licensing transaction. In the event of any conflict between
obligations established by these terms and conditions and those establishedBilieg€and

Payment terms and conditions, these terms and conditions shall control.

Jurisdiction

All disputes that may arise in connection with this present License, or the breach thereof, she
settled exclusively by arbitration, to be held in Trethidrlands, in accordance with Dutch law, ai
to be conducted under the Rules of the 'Netherlands Arbitrage Instituut' (Netherlands Institut

Arbitration).

127



References

1.

2.

© N

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

Majewski, W.A. and M.K. KhairPiesel emissions arttieir control 2006: SAE
International. 561.

Lloyd, A.C.,Diesel Engines: Environmental Impact and ContimeIDEER Conference
2002: San Diego, California

Service, N.H.D.o.EHeavyDuty Diesel Engines: Trucks and Buses Air Quality Impacts
2008;Available from:
http://des.nh.gov/organization/commissioner/pip/factsheets/ard/documeid4/add

Clerc, J.C.Catalytic diesel exhaust aftertreatmefpplied Catalysis B: Environmental,
1996.10(1i 3): p. 99115.

Kagawa, J.Health effects of diesel exhaust emissioasnixture of air pollutants of
worldwide concernToxicology, 2002181 1820): p. 349353.

Rosner, GDiesel Fuel and Exhaugimissions 1996; Available from:
http://www.inchem.org/documents/ehc/ehc/ehcl71.htm

Force, C.A.T Problems of DieselAvailable from:http://www.catf.us/diesel/problems/
Koltsakis, G.C. and A.M. Stamateld3atalytic automotive exhaust aftertreatmedtogress
in Energy and Combustion Science, 19283(1): p. :39.

Abrahmowics, A. and W.H. Whit&eanalysis of the Harvard Sbities and the American
Cancer Society of Particulate Matter and MortaliB000, Health Effects Institute:
Cambridge, MA. p. 97.

Sher, E.Handbook of AiPollution from Internal Combustion EnginePRollutant
Formation and Control998. p. 653.

Sullivan, J.L., Baker, R.E., Boyer, B.A., Hammerle, R.H., Kenney T.E., Muniz, L.,
Wallington, T.J.CO2 Emission Benefit of Diesel (versus Gasoline) Powered Vehicles.
Environmental Science & Technology, 2088(12): p. 32173223.

Jacobsen, M Strongeradioactive heating due to the mixing state of black carbon in
atmospheric aerosol®ature, 2001: p. 69697.

Net, D.; Available fromhttp://www.dieselnet.com

Chatterjee, S., A.P. Walker, and P.G. Blakankanission Control Options to Achieve Euro
IV and Euro V on Heavy Duty Diesel Engin2808.

Al-Harbi, M., Application of environmental technology management (ETM) to automobile
exhaust emission reductigim Chemical Engineering2010, University ofNVaterloo:
Waterloo.

Epling, W.S., et al.Overview of the Fundamental Reactions and Degradation Mechanisms of
NOx Storage/Reduction CatalysBatalysis Reviews, 20046(2): p. 163245.

Salasc, S., M. Skoglundh, and E. Fridalicomparison betweePt and Pd in NOx storage
catalysts Applied Catalysis B: Environmental, 20(85(2): p. 145160.

Held, W., et al.Catalytic NOx Reduction in Net Oxidizing Exhaust Ga#sE Technical
Paper, 1990.

Havenith, C. and R. Verbeekransient Performancef a Urea deNOx Catalyst for Low
Emissions Heaviputy Diesel EnginesSAE Technical Paper, 1997.

Jung, J., S. Song, and K.M. Ch@haracterization of Catalyzed Soot Oxidation with NO2,
NO and O2 using a LaBcale Flow Reactor Systef008.

Irani, K., W.S. Epling, and R. BlinEffect of hydrocarbon species on no oxidation over
diesel oxidation catalyst&pplied Catalysis B: Environmental, 20082(3i 4): p. 422428.
Tronci, S., R. Baratti, and A. Gavriilidi§atalytic converter design for mimisation of cold
start emissiongChemical Enginering Community, 199873 p. 53-77.

128



http://des.nh.gov/organization/commissioner/pip/factsheets/ard/documents/ard-34.pdf
http://www.inchem.org/documents/ehc/ehc/ehc171.htm
http://www.catf.us/diesel/problems/
http://www.dieselnet.com/

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

Farrauto, R.J. and R.M. HedRatalytic converters: state of the art and perspectives.

Catalysis Today, 199%1(3i 4): p. 351360.

Katare, S. and P.M. Laing, Hybrid Framework for Modeling Aftertreatment Systems: A

Diesel Oxidation Catalyst Applicatio2006.

Haass, F. and H. Fues3tructural Characterization of Automotive Catalystdvanced

Engineering Materials, 2003(10): p. 899913.

Heck, R.M. ad R.J. FarrautoAutomobile exhaust catalystspplied Catalysis A: General,

2001.221(1i 2): p. 443457.

Ambs, J.L. and B.T. McClurd,he Influence of Oxidation Catalysts on NO2 in Diesel

ExhaustSAE 1993.

Koebel, M., G. Madia, and M. Elsen&ekctive catalytic reduction of NO and NO2 at low

temperaturesCatalysis Today, 2002.3(3i 4): p. 239247.

Devadas, M., et allnfluence of NO2 on the selective catalytic reduction of NO with
ammonia over FZSM5.Applied Catalysis B: Environmental, @6.67(3i 4): p. 187196.
Afasto SCRZSM&acti on
investigated by transient reaction analysisurnal of Catalysis, 2008562): p. 312322.

Grossale, A., et alThe chemistry of the NO/NO& H 3

Nova, I., et al.NH3i NO/NO2 chemistry over-based catalysts and its role in the mechanism

of the Fast SCR reactio@atalysis Today, 2006.14(1): p. 312.

Fridell, E., et al..The mechanism for NOx storaggatalysis Letters, 20086(1): p. 7174.
Allansson, R., et alEuropeanExperience of High Mileage Durability of Continuously
Regenerating Diesel Particulate Filter Technolo§AE, 2000.

Mathieu, O., J. Lavy, and E. Jeudigyestigation of Hydrocarbons Conversion Over a Pt
Based Automotive Diesel Oxidation Catalyst: Aggtiion to Exhaust Port Fuel Injection.

Topics in Catalysis, 20092(13): p. 18931897.
Voltz, S.E., et al.Kinetic Study of Carbon Monoxide and Propylene Oxidation on Platinum
CatalystsProduct R&D, 197312(4): p. 294301.

Patterson, W.R. and. ®emball, The catalytic oxidation of olefins on metal filddeurnal of

Catalysis, 19632(6): p. 465478.

Harned, J.L.Analytical Evaluation of a Catalytic Converter Syst&AE, 1972.

Abedi, A., J:Y. Luo, and W.S. Eplingmproved COhydrocarbon and NO oxidation
performance using zormated Pibased catalyst€atalysis Today, 2012(0).

Lambert, C.K., et alPost Mortem of an Aged Tier 2 LigbButy Diesel Truck Aftertreatment

SystemSAE Int. J. Fuels Lubr., 2009(2): p. 167175
Katare, S.R., J.E. Patterson, and P.M. Laihg,e s e |

Aftertreat ment

Approach to NOx Controlndustrial & Engineering Chemistry Research, 2008): p.

24452454,

Erkfeldt, S., E. Jobson, and M. Larss®hg Effect of CarttoMonoxide and Hydrocarbons
on NOx Storage at Low Temperatufepics in Catalysis, 20016-17(1): p. 127131.
Parker, D.H. and B.E. Koehemisorption of high coverages of atomic oxygen on the
Pt(111), Pd(111), and Au(111) surfacédsurnal of Vacum Science & Technology A:

Vacuum, Surfaces, and Films, 198(B): p. 25852590.

Mulla, S.S., et alNO2 inhibits the catalytic reaction of NO and O2 overGatalysis

Letters, 2005100Q(3): p. 267270.

Deutschmann, O., et aHydrogen assistedatalytic combustion of methane on platinum.

Catalysis Today, 20069(1i 2): p. 141150.

Katare, S.R. and P.M. Lainblydrogen in Diesel Exhaust: Effect on Diesel Oxidation
Catalyst Flow Reactor Experiments and Model Predicti®#sE Int. J. Fuels Luby2009.

2(1): p. 605611.

129

Mo d e



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Salomons, S., R.E. Hayes, and M. Votsmélibe promotion of carbon monoxide oxidation
by hydrogen on supported platinum catalygiplied Catalysis A: General, 20085211 2):
p. 27-34.

Salomons, S., et alQn the use fomechanistic CO oxidation models with a platinum monolith

catalyst.Applied Catalysis B: Environmental, 200/Q(1i 4): p. 305313.
Salomons, S., et alGO and H2 oxidation on a platinum monolith diesel oxidation catalyst.
Catalysis Today, 2008.174): p. 491497.

Ahluwalia, R.K., et al.Performance of CO preferential oxidation reactor with neipletal
catalyst coated on ceramic monolith for-board fuel processing applicatiorSatalysis
Today, 200599(3i 4): p. 271283.

Bissett, E.J., S.HOh, and R.M. SinkevitctPt surface kinetics for a PrOx reactor for fuel
cell feedstream processinghemical Engineering Science, 2085(17): p. 47094721.
Knce, TBelectivedomtenperature CO oxidation over-to-Ce/Al203 in hydrogen
rich streamsApplied Catalysis A: General, 2008920): p. 171176.

Jhalani, A. and L.D. Schmid®referential CO Oxidation in the Presence of
H&lt;sub&gt;2&lt;/sub&gt;, H&lt;sub&gt;2&lt;/sub&gt;O and
CO&lt;sub&gt;2&lIt;/sub&gt; at Short Contactimes.Catalysis Letters, 200804(3): p. 103
110.

Qu, Z., et al.Lowtemperature selective oxidation of CO in-Héh gases over Ag/SiO2
catalysts.Journal of Molecular Catalysis A: Chemical, 202891i 2): p. 2231.

Sun, M., et al.SteadyState Muliplicity and Superadiabatic Extinction Waves in the
Oxidation of CO/H2 Mixtures over a Pt/Al2&ated Monolithindustrial & Engineering
Chemistry Research, 2002(1): p. 3745.

Mhadeshwar, A.B. and D.G. Vlachds,the wateirgas shift reaction oRt simple?:
Computeraided microkinetic model reduction, lumped rate expression, andledégmining
step.Catalysis Today, 2003.051): p. 162172.

Carlsson, RA., et al.,A transient in situ FTIR and XANES study of CO oxidation over
Pt/AI203 cataysts.Journal of Catalysis, 2002262): p. 422434.

Keren, I. and M. SheintucModeling and analysis of spatiotemporal oscillatory patterns
during CO oxidation in the catalytic convert&@hemical Engineering Science, 2066(8):
p. 14611475.

McClure, S.M. and D.W. GoodmaNgw Insights into Catalytic CO Oxidation on-¢toup
Metals at Elevated PressurgShemical Physics Letters, 2008691-3): p. 13.

Schwartz, A., L.L. Holbrook, and H. Wis€atalytic oxidation studies with platinuman
palladium.Journal of Catalysis, 19721(2): p. 199207.

Spivey, J.J.Complete catalytic oxidation of volatile organitisdustrial & Engineering
Chemistry Research, 19876(11): p. 21652180.

Sheintuch, M. and D. LusReaction ratescillations during propylene oxidation on
platinum.Journal of Catalysis, 19868(1): p. 245248.

Bar, M., et al.,Theoretical Modeling of Spatiotemporal Setfanization in a Surface
Catalyzed Reaction Exhibiting Bistable Kinetidsurnal of Chenaial Physics, 19926(11):
p. 85958604.

Bourane, A. and D. BianchDxidation of CO on a Pt/Al203 catalyst: from the surface
elementary steps to ligloff tests: V. Experimental and kinetic model for ligfittests in
excess of O2lournal of Catalys, 2004.2222): p. 499510.

Hartmann, N., R. Imbihl, and W. Vogdxperimental evidence for an oxidation/reduction

mechanism in rate oscillations of catalytic CO oxidation on Pt/SiO&lt;sub&gt;2&lt;/sub&gt.

Catalysis Letters, 19928(2): p. 373381.
130



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

Turner, J.E., B.C. Sales, and M.B. MapDscillatory oxidation of Co over a Pt catalyst.
Surface Science, 1981031): p. 5474.

Sales, B.C., J.E. Turner, and M.B. Mapscillatory oxidation of CO over Pt, Pd and Ir
catalysts: TheorySurface Science, 1982142i 3): p. 381394.

Yao, Y-F.Y., The oxidation of CO and hydrocarbons over noble metal cata@isnal of
Catalysis, 198487(1): p. 152162.

Nibbelke, R.H.,etalKi neti ¢ Study of t-A2Z03a80dPt ORihd-LteiO@ 20"
Al203in the Presence of H20 and CQaurnal of Catalysis, 199771(2): p. 358373.
Nakane, T., et allnvestigation of the Aging Behavior of Oxidation Catalysts Developed for
Active DPF Regeneration Syster2805.

Bartholomew, C.H.Mechanisms of catalyst deactivatidgkpplied Catalysis A: General,
2001.2121i 2): p. 1760.

Neyestanaki, A.K., et alDeactivation of postcombustion catalysts, a reviewel, 2004.
83(4i 5): p. 395408.

Winkler, A., D. Ferri, and M. AguirreThe influence of chemical and thermal aging on the
catalytic activity of a monolithic diesel oxidation catalyspplied Catalysis B:
Environmental, 20093(1i 2): p. 177184.

Heck, R.M. and R.J. FarrautGatalytic Air Pollution Control Commercial Tecblogy.

1995, New York: Van Nostrand Reinhold. 461.

LANTEC. [cited 2012 June 13]; Available frommttp://www.lantecp.com/monolith/

Avila, P., M. Montes, and E.E. MirdJonolithic reactors for envisnmental applications: A
review on preparation technologigShemical Engineering Journal, 2009911 3): p. 1%

36.

Bartholomew, C.H. and R.J. Farraukmndamentals of Industrial Catalytic Processies
Fundamentals of Industrial Catalytic Process&305, John Wiley & Sons, Inc. p. 93%3.
Agrafiotis, C. and A. Tsetsekoli,h e ef fect of processing par ame
alumina washcoats deposited on ceramic honeycaiohsnal of Materials Science, 2000.
35(4): p. 951960.

Wootsch, A., C. Descorme, and D. Dupremferential oxidation of carbon monoxide in the
presence of hydrogen (PROX) over cérieconia and alumingupported Pt catalysts.
Journal of Catalysis, 2002252): p. 259266.

Jiang, P., et alRreparationa nd pr o p eAl203 veashcoatfdepasited on a ceramic
honeycombSurface and Coatings Technology, 2008027 3): p. 314320.

Watanabe, T., et alNew DOC for Light Duty Diesel DPF Syste2007.

Collins, N.R., et al. Advanced Thre&Vay Caalysts- Optimisation by Targeted Zoning of
Precious Metal2005.

Schlatter, J.C. and K.C. Tayld?|atinum and palladium addition to supported rhodium
catalysts for automotive emission contrturnal of Catalysis, 197491): p. 4250.
Kawanamj M., et al.,Development of Oxidation and-tROx Catalyst for High Temperature
Exhaust Diesel Truck4998.

Perego, C. and P. Vill&atalyst preparation method8atalysis Today, 199B4(3i 4): p.
281-305.

Spieker, W.A. and J.R. Regalbutofundamental model of platinum impregnation onto
alumina.Chemical Engineering Science, 2086(11): p. 34913504.

Nijhuis, T.A., et al. Preparation of monolithic catalyst€atalysis Reviews, 20043(4): p.
345380.

Maatman, R.How to Make a Moré&ffective PlatinumAlumina Catalystindustrial &
Engineering Chemistry, 19591(8): p. 913914.

131



http://www.lantecp.com/monolith/

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Heise, M.S. and J.A. SchwaRteparation of metal distributions within catalyst supports:
lll. Single component modeling of pH, ionic strength, and aunaton effectsJournal of
Colloid and Interface Science, 198231): p. 5158.

Schwarz, J.A. and M.S. Heidereparation of metal distributions within catalyst supports:
IV. Multicomponent effectdournal of Colloid and Interface Science, 1958K(2): p. 461
467.

Heise, M.S. and J.A. SchwaRteparation of metal distributions within catalyst supports: II.
Effect of ionic strength on catalytic metal profildsurnal of Colloid and Interface Science,
1986.1131): p. 5561.

Miller, J.T., et al.,A fundamental study of platinum tetraammine impregnation of silica: 2.
The effect of method of preparation, loading, and calcination temperature on (reduced)
particle sizeJournal of Catalysis, 2002251): p. 203212.

Schreier, M. and J.R.dgalbuto A fundamental study of Pt tetraammine impregnation of
silica: 1. The electrostatic nature of platinum adsorptidournal of Catalysis, 2002251):

p. 190202.

Villegas, L., F. Masset, and N. Guilhauriéet impregnation ailuminawashcoated
monoliths: Effect of the drying procedure on Ni distribution and on autothermal reforming
activity. Applied Catalysis A: General, 200320(0): p. 4355.

Lekhal, A., B.J. Glasser, and J.G. Khindstpact of drying on the catalystqdfile in
supported impregnation catalystShemical Engineering Science, 2086(15): p. 4473
4487.

Kim, Y.-D., S-J. Jeong, and \AG. Kim, Optimal design of axial noble metal distribution for
improving dual monolithic catalytic converter performanCéemical Engineering Science,
2009.64(7): p. 13731383.

Cominos, V. and A. GavriilidisTheoretical investigation of axially neumiform catalytic
monoliths for methane combusti@hemical Engineering Science, 2088: p. 34553468.
Koltsakis,G.C., et al. Modetbased Optimization of Catalyst Zoning in Diesel Particulate
Filters. 2008.

Psyllos, A. and C. PhilippopouloBerformance of a monolithic catalytic converter used in
automotive emission control: the effect of a longitudinal paratatiive metal distribution.
Industrial & Engineering Chemistry Research, 193%8): p. 15551559.

Theis, J., et allLean NOx Trap System Design for Cost Reduction and Performance
Improvement2006.

Ramanathan, K., V. Balakotaiah, and D.H. WB#urcation Analysis of Catalytic Monoliths
with Nonuniform Catalyst Loadin¢ndustrial & Engineering Chemistry Research, 2003.
43(2): p. 288303.

Ramanathan, K., D.H. West, and V. Balakotalaght-off and Cumulative Emissions in
Catalytic Monolths with Nonuniform Catalyst Loadinigudustrial & Engineering Chemistry
Research, 2004L.3(16): p. 46684690.

Ramanathan, K., D.H. West, and V. Balakota@ptimal design of catalytic converters for
minimizing coldstart emissiongCatalysis Today2004.98(3): p. 357373.

Kim, Y.-D. and W-S. Ki, Optimum design of an automotive catalytic converter for
minimization of colestart emissions using a micro genetic algorittimernational Journal of
Automotive Technology, 2008: p. 563 573.

Oh, S.H. and J.C. Cavendisfransients of monolithic catalytic converters. Response to step
changes in feedstream temperature as related to controlling automobile emibsioistrial

& Engineering Chemistry Product Research and Development, 2983: p. 2937.

132



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

1109.

120.

121.

122.

Khanaev, V.M., E.S. Borisova, and A.S. NoskOwtimization of the active component
distribution through the catalyst bed for the case of adiabatic reaCtmemical Engineering
Science, 200%0(21): p. 57925802.

Engel, T. and G. ErtElementary Steps in the Catalytic Oxidation of Carbon Monoxide on
Platinum Metalsin Advances in Catalysi$i.P. D.D. Eley and B.W. Paul, Editors. 1979,
Academic Press. p-28.

Langmuir, I.,The mechanism of the catalytic action of platinum irréaetions 2Co + O2=
2Co2 and 2H2+ O2= 2H2O0Transactions of the Faraday Society, 1922 p. 621654.
Shishu, R.C. and L.S. Kowalczykhe Oxidation of Carbon Monoxide on Supported
Platinum.Platinum Metals Review, 19748(2): p. 5864.

Wei, J, Catalysis for Motor Vehicle Emissigria Advances in Catalysi#i.P. D.D. Eley and
B.W. Paul, Editors. 1975, Academic Press. p129.

Beusch, H., P. Fieguth, and E. WicRéermisch und Kinetisch Verursachte Instabilitaten im
Reaktionsverhalteainzelner Katalysatorkome€hemie Ingenieur Technik 19724: p. 445
451.

Carlsson, RA. and M. Skoglundhl.owtemperature oxidation of carbon monoxide and
methane over alumina and ceria supported platinum catalpisied Catalysis B:
Environmenal, 2011.101(3i 4): p. 669675.

Chakrabarty, T., P.L. Silveston, and R.R. Hudgkhgsteresis phenomena in co oxidation
over platinumalumina catalystThe Canadian Journal of Chemical Engineering, 1634.
p. 651 660.

Gudkov, B.S., A.N. Sulidtin, and V.l. YakersorQn the phenomenon of temperature
hysteresis in hydrogenation reaction over heterogeneous catdgststion Kinetics and
Catalysis Letters, 19988(1): p. 125132.

Hauptmann, W., et allpverse hysteresis during the NRidation on Pt under lean
conditions Applied Catalysis B: Environmental, 20088(1i 2): p. 2229.

Hegedus, L.L., S.H. Oh, and K. Bardvultiple steady states in an isothermal, integral
reactor: The catalytic oxidation of carbon monoxide over platialumina.AIChE Journal
1977.23. p. 632 642.

Oh, S.H., et al Effects of catalyst particle size on multiple steady stdtagnal of Catalysis,
1979.592): p. 272277.

Schmitz Roger, AMultiplicity, Stability, and Sensitivity of States@memically Reacting
Systems?A Review Chemical Reaction Engineering Revied875, AMERICAN
CHEMICAL SOCIETY. p. 156211.

Smith, T.G., J. Zahradnik, and J.J. Carbexyrtrisothermal intefintraphase effectiveness
factors for negative order kinedd CO oxidation over PtChemical Engineering Science,
1975.30(7): p. 763767.

Subbotin, A.N., et al.TemperatureHysteresis Effects in CO Oxidation on Cement Catalysts
with Various CuO ContenRussian Journal of Applied Chemistry, 2004(9): p.1506
1508.

Subbotin, A.N., et al.Temperature Hysteresis in CO Oxidation on Copper Oxide Catalyst
Applied to a Steel GauzRussian Journal of Applied Chemistry, 2003(4): p. 582584.
Subbotln, A.N., et al.Temperature Hysteresis in Gidation on catalysts of various
nature.Reaction Kinetics and Catalysis Letters, 199§1): p. 97104.

Usachev, N.Y., et alHysteresis phenomenon in CO and hydrogen oxidation 0C&Wri

O systemsMendeleev Communications 20(4(2): p. 79 80.

133



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Wei, J. and R. Becker Ehe Optimum Distribution of Catalytic Material on Support Layers
in Automotive Catalysjsn Catalysts for the Control of Automotive Pollutarit875,
AMERICAN CHEMICAL SOCIETY. p. 116132.

Eigenberger, GKinetic instailities in heterogeneously catalyzed reactiiis Oscillatory
instabilities with langmuitype kineticsChemical Engineering Science, 1938(9): p.
12631268.

Gudkov, B.S., et al., Russian Chemical Bulletin, 1997: p-3B%.

Subbotin, A., BGudkov, and V. Yakersoitemperature hysteresis phenomena in
heterogeneous catalysRussian Chemical Bulletin, 20089%(8): p. 13731379.

Twigg, M.V., Rdles of catalytic oxidation in control of vehicle exhaust emissCatslysis
Today, 20061174): p. 407418.

Russell, A., et al.SpatiallyResolved Temperature and Gas Species Changes in éBlugan
Engine Emissions Control Catalystdustrial & Engineering Chemistry Research, 2010.
49(21): p. 1031110322.

Russell, A. and W.S. Eplin@iesel Oxidation Catalyst€atalysis Reviews, 20153(4): p.
337-423.

Xue, E., K. Seshan, and J.R.H. RdReles of supports, Pt loading and Pt dispersion in the
oxidation of NO to NO2 and of SO2 to S@pplied Catalysis B: Environmental, 1996.
11(1): p. 6579.

Olsson, L., et alA Kinetic Study of Oxygen Adsorption/Desorption and NO Oxidation over
Pt/AI203 CatalystsThe Journal of Physical Chemistry B, 1999347): p. 10433L0439.
Khanaev, V.M., E.S. Borisova, and A.S. NoskOptimization of the active component
distribution through the catalyst be@hemical Engineering Science, 2068(6): p. 1213
1220.

Khanaev, V.M., et allmprovement of the catalytic monoliths efficiency for CO oxidation
using noruniform active componedistribution along the monolith lengt@hemical
Engineering Journal, 200402(1): p. 3544.

Choi, J:S., W.P. Partridge, and C.S. Da@patially resolved in situ measurements of
transient species breakthrough during cyclic, {mmperature regenetian of a monolithic
Pt/K/AI203 NOx storageeduction catalystApplied Catalysis A: General, 2008930): p.
24-40.

Choi, J:S., et al.]ntra-channel evolution of carbon monoxide and its implication on the
regeneration of a monolithic Pt/K/AI2Q80x storagereduction catalystCatalysis Today,
2006.114(1): p. 102111.

Partridge, W.P., et allimeResolved Measurements of Emission Transients By Mass
Spectrometry2000, SAE International.

Luss, D.,Temperature Fronts and Patterns in Clgtc Systemdndustrial & Engineering
Chemistry Research, 19936(8): p. 29312944,

Luss, D. and M. SheintucBpatiotemporal patterns in catalytic syste@atalysis Today,
2005.1052): p. 254274.

Shakir, O., et al.$Spatially resolving corentration and temperature gradients during the
oxidation of propylene on Pt/AI20&pplied Catalysis A: General, 2008652): p. 301308.
Benard, S., et alSupported platinum catalysts for nitrogen oxide sengguplied Catalysis
B: Environmentgl2005.55(1): p. 1121.

Denton, P., et alRole of the Nature of the Support (Alumina or Silica), of the Support
Porosity, and of the Pt Dispersion in the Selective Reduction of NO by C3H6 under Lean
Burn ConditionsJournal of Catalysis, 2000892): p. 410420.

134



142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Després, J., et alGatalytic oxidation of nitrogen monoxide over Pt/Si@@plied Catalysis
B: Environmental, 20060(2): p. 7382.

Lee, J-H. and H. KungEffect of Pt dispersion on the reduction of NO by propene over
aluminasupported Pt catalysts under lebarn conditionsCatalysis Letters, 19981(1): p.
1-4.

Olsson, L. and E. Fridellhe Influence of Pt Oxide Formation and Pt Dispersion on the
Reactions NO2 NO+1/2 O2 over Pt/Al203 and Pt/BaO/Al2QRwrnal of Catgsis, 2002.
210(2): p. 340353.

Segner, J., W. Vielhaber, and G. Ertl, Israel Journal of Chemistry, 2282. 375.

Cavataio, G., et allmpact and Prevention of Ultraow Contamination of Platinum Group
Metals on SCR Catalysts Due to DOC igasV118-4, 2009.2(1): p. 204216.

Zotin, F.M.Z., et al. Automotive catalyst deactivation: Case stud@&atalysis Today, 2005.
107 1080): p. 157167.

Seokhwan, L. and B. ChoongsiKye application of an exhaust heat exchanger to protect the
catalyst and improve the fuel economy in a spagnition engineJournal of Automobile
Engineering, 2007art D(221): p. 621628.

Shayler, P.J. and C. Beltdm;cylinder fuel behaviour and exhaust emissions during the cold
operation of a spark igtion engineJournal of Automobile Engineering, 1999(213): p.-161
174.

Karkanis, A.N., P.N. Botsaris, and P.D. Spdgsyission reduction during cold start via
catalyst surface controllournal of Automobile Engineering, 20@3(218): p. 13381340.
Al-Adwani, S.M., J. Soares, and W.S. Epliegaluating the Effects of Precious Metal
Distribution along a MonolitiSupported Catalyst for CO oxidatidndustrial &

Engineering Chemistry Research, 203R19): p. 66726679.

Chen, K., K.S. Martirsyan, and D. Lus&)rongWay Behavior of Soot Combustion in a
Planar Diesel Particulate Filterindustrial & Engineering Chemistry Research, 2018):
p. 84518456.

Sharma, C.S. and R. Hugh@&$e behaviour of an adiabatic fixed bed reactor fer th
oxidation of carbon monoxidel: General parametric studie€hemical Engineering
Science, 197B4(5): p. 613624.

Wu, H-C., L-C. Liu, and SM. Yang,Effects of additives on supported noble metal catalysts
for oxidation of hydrocarbons and carbamnoxide Applied Catalysis A: General, 2001.
211(2): p. 159165.

Carlsson, RA., et al.,Induced low temperature catalytic ignition by transient changes in the
gas compositionCatalysis Today, 200Z.3(3i 4): p. 307313.

Epling, W.S., C.H.F. &en, and J.n. Szangarbonate Formation and Stability on a

Pt / B-AIZD3 NOX Storage/Reduction Catalyste Journal of Physical Chemistry C,
2008.11229): p. 1095210959.

Lercher, J.A., C. Colombier, and H. Nollégid-base properties of alumarmagnesia mixed
oxides. Part 4Infrared study of adsorption of carbon dioxideurnal of the Chemical
Society, Faraday Transactions 1: Physical Chemistry in Condensed Phase80(#)84.
949:959.

Morterra, C., et alAn infrared spectroscopiavestigation of the surface properties of
magnesium aluminate spindburnal of Catalysis, 19781(3): p. 299313.

Toops, T.J., et alQuantified NOx adsorption on Pt/K/gamm#203 and the effects of CO2
and H20.Applied Catalysis B: Environmente2005.58(3i 4): p. 255264.

135



160. lordan, A., M.l. Zaki, and C. Kappenstelnterfacial chemistry in the preparation of
catalytic potassiuamodified aluminaslJournal of the Chemical Society, Faraday
Transactions, 19989(14): p. 25272536.
161. Kantscheva, M., etal.Infraredandxr ay phot oel ectron spectroscopy
Al203.Applied Catalysis, 19838(1): p. 7184.
162. Krupay, B.W. and Y. Amenomiyalkali-promoted alumina catalysts. |. Chemisorption and
oxygen exchange of carbon monoxatel carbon dioxide on potassiyonomoted alumina
catalysts.Journal of Catalysis, 19867(2): p. 362370.

136



